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ABSTRACT
The r e s u l t s  o f  c y c l o t r o n  resonance measurements in  h igh  p u r i t y  
samples o f  t h a l l i u m  a re  r e p o r t e d .  The measurements were per formed 
a t  a microwave f req uency  o f  34 GHz in  the  Azbe l -Kane r  geometry w i t h  
the e f f e c t i v e  mass va lues  be ing  c a l c u l a t e d  f rom the  p e r i o d i c i t y  o f  
the  subharmonic  resonance s e r i e s  observed.  The a n i s o t r o p y  o f  the 
e f f e c t i v e  masses in  a l l  t h re e  p r i n c i p a l  p lanes was measured and 
the v a r i o u s  mass branches a re  ass igned  t o  o r b i t s  o c c u r r i n g  on both  
p a r t s  o f  the  t h i r d  zone, the f o u r t h  zone and the  f i f t h  zone sheets 
o f  the Fermi s u r fa c e .
E f f e c t i v e  mass va lues  a re  ass igned  t o  b o th  p o r t i o n s  o f  the 
t h i r d  band. The data  f o r  the t h i r d  zone "c row n"  agrees w e l l  w i t h
'tf
the known Fermi s u r fa c e  w i t h  a va lue  o f  m /m g  = .65  ±  .0 2  f o r  
jH in  the  basa l  p lane  and m /mg = .8 5  f o r  JH a long  [0001J in 
the (1120) p lane .  No a c c u ra te  d e s c r i p t i o n  o f  the  s m a l l e r  s e c t i o n  
o f  the t h i r d  zone e x i s t s ,  b u t  mass va lu e s  are  ass igned  t o  t h i s  
s e c t i o n  f rom the f r e e  e l e c t r o n  d e s c r i p t i o n  o f  t h i s  p o r t i o n  o f  the 
Fermi s u r fa c e  and the  a n g u la r  dependence o f  the mass v a lu e s .
Mass va lu e s  a re  ass igned  t o  s e v e ra l  d i f f e r e n t  o r b i t s  on th e  f o u r t h  
zone, w i t h  resonances due t o  c e n t r a l  o r b i t s  on th e  arms dom in a t ing  
the c y c l o t r o n  resonance.  The mass v a lu e  observed f o r  JH a long  
[ lO lO ]  in  the basa l  p lane  i s  m /mg = O.5  f o r  t h i s  c e n t r a l  o r b i t .  
The e x i s t e n c e  o f  the  th re e  " p o s t s "  in  th e  c o r n e r  o f  the honeycomb
ne twork  o f  the  f o u r t h  zone c om p l i ca tes  the ass ignment  o f  o r b i t s  on 
o t h e r  s e c t io n s  o f  the f o u r t h  zone. Mass v a lu e s  are  a l s o  ass igned  
t o  the  f i f t h  zone; w i t h  the va lues  observed in  the  basa l  p lane  be ing 
n e a r l y  i s o t r o p i c .
C ons ide rab le  e f f e c t s  due t o  magnet ic  breakdown a re  observed and 
a d i s c u s s io n  o f  these e f f e c t s  is  g iven .  The e x i s te n c e  o f  breakdown 
c o m p l ic a te s  the  resonances and p reven ts  the r e s o l u t i o n  o f  some 
o r b i t s  t h a t  a re .e x p e c te d .
A t h e o r e t i c a l  t r e a tm e n t  o f  c y c l o t r o n  resonance i s  p resen ted  by 
s o l v i n g  the Boltzmann t r a n s p o r t  equ a t ion  in  c o n ju n c t i o n  w i t h  
M a x w e l l ' s  e qu a t ions  o f  e le c t r o d y n a m ic s .  R e s u l t s  a re  o b ta in e d  f o r  
bo th  the l o n g i t u d i n a l  and t r a n s v e rs e  case o f  c y c l o t r o n  resonance.
A d e s c r i p t i o n  o f  the computer program used as an a id  in  a n a ly z in g  
th e  data  is  con ta ined  a t  the  end o f  the paper .
I .  INTRODUCTION
Th is  paper r e p o r t s  the  r e s u l t s  o f  a c y c l o t r o n  resonance e x p e r i ­
ment in  the  A z b e l ' - K a n e r *  geometry  on h ig h  p u r i t y  s i n g l e  c r y s t a l s  
o f  t h a l l i u m .  The band s t r u c t u r e  and Fermi su r face  (FS) o f  T1 has 
been shown from t h e o r e t i c a l  c o n s i d e r a t i o n s  t o  bear a c l o s e  resem­
b lance t o  the f r e e - e l e c t r o n  model w i t h  the  depar tu res  f rom t h i s  
model be ing  due t o  e f f e c t s  o f  the  f i n i t e  c r y s t a l  p o t e n t i a l s  and
2 Q
s p i n - o r b i t  c o u p l i n g .  P r i o r  e x p e r im e n ta l  s t u d ie s  o f  the FS
o f  t h a l l i u m  have shown g en e ra l  agreement w i t h  t h i s  h y p o th e s is .
The p re s e n t  measurements were per fo rmed t o  supplement th e  p rev io us
knowledge o f  the FS o f  T1 by p r o v i d i n g  in f o r m a t i o n  abo u t  the
a n i s o t r o p y  o f  the e f f e c t i v e  mass o f  th e  c a r r i e r s  in t h e  d i f f e r e n t
energy bands as a f u n c t i o n  o f  c r y s t a l l o g r a p h i c  d i r e c t i o n s .
•a 4
M agne to res is tan ce  measurements-^  have prov ided  q u a l i t a t i v e  
i n f o r m a t i o n  about  the t o p o lo g y  o f  the  t h a l l i u m  FS and about  the 
energy gaps in  the  band s t r u c t u r e .  D e t a i l s  o f  the s t r u c t u r e  o f  
the FS have been re p o r te d  f rom s t u d ie s  o f  the magne toacoust ic
C ^  ry Q
e f f e c t  '  ’  and the  de Haas-van Alphen e f f e c t .  A t h e o r e t i c a l
p
s tu d y  o f  the  FS o f  t h a l l i u m  was per fo rm ed  by Soven who used 
a r e l a t i v i s t i c  m o d i f i c a t i o n  o f  the o r thogona  11 zed-p lane-wave 
method t o  o b t a i n  the  energy  band s t r u c t u r e .  The r e s u l t s  o f  these 
expe r imen ts  and the  energy  band c a l c u l a t i o n  show t h a t  t h e  FS o f  
t h a l l i u m  c o n s i s t s  o f  s i x  n o n e q u iv a le n t  shee ts  spread th ro ugho u t
3
the  t h i r d  th rough s i x t h  zone. The two sheets  in  the t h i r d  zone form 
s im p le  c lo sed  su r faces  bounding unoccupied reg ions  o f  the B r i l l o u i n  
zone. The l a r g e r  o f  these has i t s  c e n te r  o f  symmetry a t  the  p o in t  
A o f  the B r i l l o u i n  zone and has rough ly  the shape o f  a hexagonal
"c ro w n "  as shown in  F ig .  1. The s m a l le r  p o r t i o n  o f  the t h i r d  zone
shee t  c o n s i s t s  o f  s i x  e longa ted  su r faces  cen te red  a t  the p o i n t  M
and e x te n d in g  a long  the l i n e  MK in  the B r i l l o u i n  zone as shown
in  F ig .  2. The f o u r t h  zone sheet  (F ig .  3 ) in  a honeycomb-1ike 
ne tw o rk  spanning the r e c ta n g u la r  faces o f  the B r i l l o u i n  zone and 
bounding occup ied reg ions  o f  momentum space. The f i f t h  zone (F ig .  4)  
and s i x t h  zone c o n s i s t  o f  pockets  o f  e l e c t r o n s  w i t h  symmetry around 
H and extended in the HK d i r e c t i o n .
Since i t s  p r e d i c t i o n  by A z b e l '  and Kaner (AK) , *  c y c l o t r o n
resonance has been used e x t e n s i v e l y  in  the  i n v e s t i g a t i o n  o f  the
FS o f  m e ta ls .  In t h i s  type o f  exper iment  a s t a t i c  magnet ic  f i e l d
JH is  a p p l i e d  p a r a l l e l  t o  a p lane  s u r fa c e  o f  a meta l  s i n g l e  c r y s t a l .
An r f  e l e c t r i c  f i e l d  i s  then a p p l i e d  e i t h e r  p a r a l l e l  o r  p e r p e n d ic u la r
t o  H in  the  p lane  s u r fa c e  o f  the  sample depending on the  d i r e c t i o n
o f  the  v e l o c i t y  o f  the c a r r i e r s  t o  be observed.  The measurements
q
a re  per formed under ext reme anomalous s k in  e f f e c t  c o n d i t i o n s  where 
t h e  mean f r e e  path  and o r b i t  r a d i i  o f  the  c a r r i e r s  a re  much l a r g e r
than the s k in  depth.  The s t a t i c  magnet ic  f i e l d  causes the c a r r i e r s
t o  move in  h e l i c a l  o r b i t s  pass ing  th rough the s k in  depth  where 
they  may absorb energy f rom the  r f  f i e l d  s e v e ra l  t im es .  Th is  
m o t ion  is  s i m i l a r  t o  t h a t  o f  an e l e c t r o n  in  a c y c l o t r o n  w i t h  a 
s i n g l e  dee w i t h  resonance o c c u r r i n g  when the  r f  f requency  i s  a
4a
Fi g. 1
Fig.  2
k c
Fig .  3
kd
H
Fi g. k
m u l t i p l e  o f  t h e  c y c l o t r o n  f requency  co = eH/m c ,  where m i s  theo
e f f e c t i v e  mass o f  the e l e c t r o n .  I f  the  magne t ic  f i e l d  is  no t  a p p l i e d  
p a r a l l e l  t o  th e  s u r fa c e  o f  the sample o r  i f  the  s u r fa c e  i s  rough, the
resonan t  s e r i e s  i s  a t te n u a te d  o r  under some c o n d i t i o n s  s p l i t t i n g  o f
.* . . . .  10 the s e r i e s  w i l l  occur .
The r e s u l t s  o f  the s e v e r a l  c a l c u l a t i o n s  (see Appendix A) o f  the
s u r fa c e  impedance o f  a m e ta l  s u b je c te d  t o  the  above c o n d i t i o n s * ' * *  *^
show t h a t  bo th  t h e  a b s o r p t i v e  o r  r e a l  p a r t  and the d i s p e r s i v e  o r
im ag ina ry  p a r t  o f  the s u r fa c e  impedance a re  p e r i o d i c  in 1/H and
t h a t  t h i s  p e r io d  is  r e l a t e d  t o  the  e f f e c t i v e  mass m o f  the  c a r r i e r s
as f o l l o w s
where A ( l /H )  i s  the p e r io d  o f  the  o s c i l l a t i n g  s u r fa c e  Impedance, 
a) i s  the  a n g u la r  r f  f requence ,  e i s  the  e l e c t r o n i c  charge ,  and c 
is t h e  speed o f  l i g h t .  A knowledge o f  the  e f f e c t i v e  mass o f  a 
c a r r i e r  y i e l d s  t h e  r a te  o f  change o f  the s i z e  o f  a g iven  s e c t i o n  
o f  th e  FS w i t h  c a r r i e r  energy  E s in ce
where A Is t h e  c r o s s - s e c t i o n a l  area normal t o  the  a p p l i e d  magnet ic  
f i e l d  o f  the r e l e v a n t  s e c t i o n  o f  the  FS, *  Is P la n c k 's  c o n s ta n t  
d i v i d e d  by 2i t,  and E^ i s  the  Fermi energy .
m* = x  A ( 1/H) ( 1)
E
> (2)
f
6In the f o l l o w i n g  s e c t io n s  the r e s u l t s  o f  the measurement o f  
e f f e c t i v e  masses as a f u n c t i o n  o f  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  in 
the t h re e  p r i n c i p a l  p lanes  o f  t h a l l i u m  are  presen ted .  Where poss ib le^
these mass va lues  are ass igned t o  o r b i t s  on a s e c t io n  o f  the  FS.
2 < U t i l i z a t i o n  o f  Soven's c a l c u l a t i o n s  and the a v a i l a b l e  de Haas-van Alphen
5” 7and geom e tr ic  resonance data a re  made in the assignment o f  these 
o r b i t s .  In Appendix A, a t h e o r e t i c a l  c a l c u l a t i o n  o f  the s u r fa c e  
Impedance o f  a me ta l  is  per formed by s o l v i n g  the Bol tzmann t r a n s p o r t  
e q u a t io n  in  c o n ju n c t io n  w i t h  M axw e l l ' s  equ a t ions .  Appendix B 
d e s c r ib e s  in  d e t a i l  the computer program used t o  ana lyze the  e x p e r i ­
menta l  da ta .
I I .  EXPERIMENT
The samples used in  t h i s  expe r imen t  were prepared  f rom a 
z o n e - r e f i n e d  bar  o f  t h a l l i u m  meta l  o b ta in e d  from Cominco Products  
In c o rpo ra te d  w i t h  a quoted im p u r i t y  c o n te h t  o f  1 ppm. The s t r a i n ­
anneal  techn ique  o f  c r y s t a l  g rowth  was adopted t o  produce s i n g l e  
l kc r y s t a l s .  A bar  o f  t h a l l i u m  two inches long was coo led  t o  77°K 
and p laced  in  a v i s e  w h i l e  s t i l l  a t  t h a t  tem pera tu re .  The s t r a i n  
was induced by th e rm a l  expans ion  o f  the  bar  d u r in g  warming t o  
300°K. A f t e r  the ba r  reached room tem p e ra tu re  i t  was p laced  in  
an oven and annealed f o r  f i f t e e n  days a t  493°K wh ich  is  10°K 
below th e  phase t r a n s i t i o n  f rom the hep phase t o  the bcc phase 
f o r  t h a l l i u m .  A f t e r  t h i s  a n n e a l in g  process  the bar  c o n ta in e d  
th re e  l a r g e  c r y s t a l s  f rom w h ich  two o r i e n t e d  samples f o r  each 
p r i n c i p a l  p lane were c u t  by spa rk  e r o s io n  i n t o  r e c t a n g u l a r  
p a r a l l e l i p i p e d s  a p p r o x im a te ly  11 mm by 11 mm by 3 mm. O r i e n t a t i o n  
o f  these samples t o  w i t h i n  ± 1 °  was o b ta in e d  by use o f  Laue back 
d i f f r a c t i o n  x - r a y  t e c h n iq u e s .  A f t e r  o r i e n t i n g  and c u t t i n g ,  one 
s u r fa c e  o f  each o f  th e  samples was s p a rk  planed and the samples 
were s t o r e d  in g l y c e r i n  t o  p re v e n t  o x i d a t i o n .  Samples prepared 
in  t h i s  manner gave a r e s i s t i v i t y  r a t i o  Rg00°K^fyf 2°K
The s u r fa c e  upon wh ich the  measurements were pe r fo rm ed  was 
made f l a t  and smooth by a chem ica l  p o l i s h i n g  techn ique  in  wh ich 
the p laned  s u r fa c e  o f  the  c r y s t a l  was l i g h t l y  lapped on a smooth
8g lass  s u r fa c e  submersed in  a s o l u t i o n  o f  k  p a r t s  g l a c i a l  a c i t i c  a c id  
t o  1 p a r t  30$ hydrogen p e ro x id e .  When a s a t i s f a c t o r y  p o l i s h  was 
ach ieved ,  th e  c r y s t a l  was im m ed ia te ly  f lo o d e d  w i t h  anhydrous 
g l y c e r i n  t o  p reven t  o x i d a t i o n .  W i th  a t h i n  f i l m  o f  g l y c e r i n  
rem a in ing  on the  c r y s t a l ,  i t  was a t ta c h e d  t o  the  sample h o ld e r  and 
p laced  in  t h e  dewar assembly.  The dewar was then evacuated and 
p r e - c o o l i n g  procedures were begun. A t tem p ts  a t  p l a c i n g  the  
c r y s t a l  in  l i q u i d  n i t r o g e n  im m ed ia te ly  a f t e r  p o l i s h i n g  t o  p reven t  
o x i d a t i o n  proved u n s a t i s f a c t o r y  because the p o l i s h i n g  s o l u t i o n  
rem a in ing  on the  s u r fa c e  would f r e e z e  and s t r a i n  the s u r fa c e .
An a t te m p t  was made t o  e l e c t r o p o l i s h  the  samples u s in g  a 
tec hn ique  o r i g i n a l l y  deve loped f o r  use on r a re  e a r t h  m e t a l s /
Th is  method d i d  not  y i e l d  as smooth a s u r fa c e  as the chemica l  
la p p in g  method desc r ibed  above. In o rd e r  t o  p re v e n t  o x i d a t i o n  
o f  the  c h e m ic a l l y  p o l i s h e d  s u r fa c e s  th e  p o l i s h i n g  o f  the c r y s t a l s  
was a t tem p ted  in  an i n e r t  atmosphere. The g love  box t h a t  was 
used was equ ipped w i t h  a pump t h a t  c i r c u l a t e d  the  he l ium  gas from 
the  g love  box th rough heated copper  f i l i n g s  and a c h a rc o a l  t r a p  
o p e r a t i n g  a t  l i q u i d  n i t r o g e n  tem p e ra tu res .  An i n e r t  atmosphere 
was ach ieved  i n  t h i s  manner a f t e r  th e  c i r c u l a t i n g  pump was in  
o p e r a t i o n  f o r  s e v e ra l  hou rs .  However, when the  chem ica l  p o l i s h i n g  
was s t a r t e d ,  the  c i r c u l a t i n g  pump c o u ld  no t  remove a l l  o f  the  a c e t i c  
a c id  vapo rs ,  and cons e q u e n t l y  the  atmosphere i n s id e  the g love  box
See R. G. Goodr ich ,  PhD The s is ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  
R i v e r s id e  and re fe ren ces  c i t e d  t h e r e i n .
9c o n t a i n e d  a c o n s i d e r a b l e  p e rcen tag e  o f  a c e t i c  a c i d .  The s m a l l  screws 
used on t h e  sample h o l d e r  and th e  f r a g i l i t y  o f  th e  sample caused t h e  
a t t a c h i n g  o f  th e  c r y s t a l  t o  the  sample h o ld e r  and the  t r a n s f e r r i n g  
o f  i t  t o  t h e  dewar assem b ly  f rom th e  g lo v e  box t o  be a prob lem.
The measurements were  pe r fo rm ed  a t  1 .2 °K  and a t  a microwave 
f r e q u e n c y  o f  a p p r o x im a t e l y  34 GHz. The d e r i v a t i v e  w i t h  r e s p e c t  t o  
JH o f 1 t h e  s u r f a c e  impedance o f  t h e  samples vs 1/H was reco rded  by 
a s t a n d a r d  r e f l e c t i o n  s p e c t r o m e te r  u t i l i z i n g  f i e l d  m o d u la t io n  and 
phase s e n s i t i v e  d e t e c t i o n .  A b l o c k  d iagram o f  the  e x p e r im e n ta l  
a p p a ra tu s  appears  i n  F i g .  5 • M a g n e t i c  f i e l d s  up t o  13*5 kG were  
p r o v id e d  by  a 12 in c h  low impedance i r o n  magnet system equ ipped  
w i t h  a 1/H sweep u n i t .
The sample fo rmed one w a l l  o f  a r a c t a n g u l a r  r e s o n a n t  c a v i t y  
o p e r a t i n g  i n  t h e  T E jq ^  mode. The d e s ig n  o f  a sample h o l d e r  f o r  
c y c l o t r o n  resonance  e x p e r im e n ts  r e q u i r e s  t h e  f o l l o w i n g  degrees 
o f  f reedom: ( 1) o r i e n t a t i o n  o f  t h e  m agne t ic  f i e l d  w i t h  r e s p e c t  t o
th e  c r y s t a l  axes in  t h e  p la n e  o f  t h e  sample s u r f a c e ,  (2 ) sma11-  
a n g le  t i p p i n g  o f  t h e  m a g n e t i c  f i e l d  w i t h  r e s p e c t  t o  th e  sample 
s u r f a c e ,  and (3 ) the  p o l a r i z a t i o n  o f  th e  r f  c u r r e n t  w i t h  r e s p e c t  
t o  the  m a g n e t i c  f i e l d .  Two d i f f e r e n t  d e s ig n s  were used , one 
a l l o w i n g  t h e  sample t o  be r o t a t e d  in  a h o r i z o n t a l  p la n e  w h i l e  th e  
o t h e r  sample h o ld e r  r o t a t e d  th e  sample in  a v e r t i c a l  p la n e .  Each 
d e s ig n  a l l o w e d  f o r  t h e  v a r i a t i o n  o f  t h e  a n g le  between t h e  m a g n e t ic  
f i e l d  and t h e  c r y s t a l l o g r a p h i c  axes by a gear  a r rangem ent  w h i l e  
k eep ing  t h e  r f  p o l a r i z a t i o n  c o n s t a n t  w i t h  r e s p e c t  t o  t h e  m agne t ic  
f i e l d .  W i t h  the  sample p la c e d  h o r i z o n t a l l y ,  t h e  magnet c o u ld  be
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ro ta te d  about a v e r t i c a l  a x is  t o  a l i g n  £  e i t h e r  p a r a l l e l  o r  
p e r p e n d ic u la r  t o  the r f  c u r r e n t .  W ith  t h i s  des ign  o n ly  sm a l l  ang le  
f i e l d  t i p p i n g  s tu d ie s  (±2° )  c ou ld  be per formed by ad jus tm en t  o f  the 
l e v e l i n g  screws on the  magnet. W ith  the sample p laced  v e r t i c a l l y ,  
f i e l d  t i p p i n g  s tu d ie s  cou ld  be performed a t  any d e s i re d  ang le  by 
r o t a t i n g  the magnet about  i t s  v e r t i c a l  a x i s .  However, f o r  t h i s  
des ign ,  JH cou ld  o n l y  be a l i g n e d  p e r p e n d ic u la r  t o  the r f  c u r r e n t .
The a n a ly s i s  o f  the data was based upon the p e r i o d i c i t y  in 
1/H o f  the subharmonic resonances. Recorder t ra c e s  o f  the  d e r i v a t i v e  
o f  the r e a l  p a r t  o f  the s u r fa c e  impedance dR/dH versus  1/H were 
o b ta ined  from the expe r imen ts .  in  o rd e r  t o  o b t a i n  s u f f i c i e n t  
r e s o l u t i o n  o f  the d i f f e r e n t  mass s e r i e s  sepa ra te  o v e r la p p in g  curves  
were taken a t  low f i e l d s  and h igh  f i e l d s .  Inverse  magnet ic  f i e l d  
va lues  were ass igned t o  each w e l l  reso lve d  resonance maximum, and 
a l l  va lues  from a g iven  o r i e n t a t i o n  o f  c r y s t a l  a x i s  w i t h  respec t  
t o  the  s teady  magnet ic  f i e l d  were pupched on to  ca rds  f o r  a n a ly z in g  
by an IBM 1620 computer.  (See Append ix B f o r  a d e s c r i p t i o n  and 
l i s t i n g  o f  the  computer p rogram .)  The computer was programmed to  
p i c k  ou t  a l l  p o s s i b l e  mass s e r i e s  c o n s i s t i n g  o f  t h re e  or  more 
p o in t s  rega rd less  o f  the am p l i tu de  o f  the i n d i v i d u a l  resonances. 
Ser ies  w i t h  some subharmonics m is s in g  were accep ted by the program. 
For a g iven  o r i e n t a t i o n ,  t r u e  mass s e r i e s  were then chosen by 
c o n s u l t i n g  the a m p l i tu de  dependence o f  the re c o rd e r  t r a c i n g s  and 
r e f e r r i n g  t o  t r a c i n g s  a t  a d ja c e n t  o r i e n t a t i o n s .  For each mass 
s e r ie s  so ob ta ined ,  the computer was a l s o  programmed t o  pe r fo rm  
a l e a s t  squares f i t  t o  a s t r a i g h t  l i n e  t o  o b t a i n  i t s  s lope ,
11
i n t e r c e p t  and s ta n d a rd  d e v i a t i o n ,  and f rom  the  c a l c u l a t e d  s lo p e  
the  e f f e c t i v e  mass was o b t a i n e d .  In a d d i t i o n ,  the  phase s h i f t  o r  
a x i s  i n t e r c e p t  f o r  i n f i n i t e  f i e l d  was c a l c u l a t e d .  The e f f e c t i v e  
mass v a lu e s  w i t h  e r r o r  f l a g s  de te rm ined  by the s ta n d a rd  d e v i a t i o n  
f rom t h e  l e a s t  squares f i t  (when the e r r o r  was l a r g e r  than the  
symbol)  were then  p l o t t e d  vs a n g le  by a Calcomp P l o t t e r .  Thus, 
the  e r r o r  f l a g s  shown in  F ig s .  7 , 8 , 9,  and 10 r e f e r  o n l y  t o  th e  
ac c u ra c y  w i t h  w h ich  the p o i n t s  f i t  a s t r a i g h t  l i n e .  Other sources 
o f  e x p e r im e n ta l  e r r o r  such as f re q u e n c y  measurement,  magnet 
c a l i b r a t i o n ,  e t c .  cause an u n c e r t a i n t y  o f  f rom ±  2#  t o  ±  5$  f o r  
each da ta  poi  n t .
111. RESULTS AND DISCUSSION
E f f e c t i v e  mass va lues  as a f u n c t i o n  o f  c r y s t a l l o g r a p h i c
d i r e c t i o n s  were i n v e s t i g a t e d  f o r  the t h re e  p r i n c i p a l  p lanes  w i t h
the  r f  c u r r e n t  p o l a r i z e d  bo th  p e r p e n d i c u la r  and p a r a l l e l  t o  £ .
The e f f e c t  o f  sm a l l  ang le  t i p p i n g  o f  the  magnet ic  f i e l d  ou t  o f  th e
s u r fa c e  o f  th e  samples was i n v e s t i g a t e d  f o r  sev e ra l  o r i e n t a t i o n s
o f  the magne t ic  f i e l d  in  the c r y s t a l s .  For the o r i e n t a t i o n s  where
the  f i e l d  t i p p i n g  was i n v e s t i g a t e d ,  the o n l y  e f f e c t  was an
a t t e n u a t i o n  o f  the  s i g n a l  t o  n o i s e  r a t i o  as the f i e l d  was t ip p e d
ou t  o f  the  s u r fa c e  up t o  ± 2 ° .  Peak s p l i t t i n g  o f  th e  mass s e r ie s
was no t  observed as in  p re v io u s  i n v e s t i g a t i o n s ^  o f  f i e l d  t i p p i n g
on o th e r  me ta ls  w i t h  a less c o m p l i c a te d  FS. The p re s e n t  behav io r
has been found p r e v i o u s l y  in m e ta ls  hav ing  c o m p l i c a te d  Fermi s u r fa c e s
where o n l y  a sm a l l  f r a c t i o n  o f  th e  c a r r i e r s  are c o n t r i b u t i n g  t o
15the  resonan t  p a r t  o f  the s u r f a c e  impedance.
A. (0001) Plane
The s i g n a l s  f o r  the (0001) p lane  a re  the  s t r o n g e s t  observed 
w i t h  many subharmonics o c c u r r i n g  f o r  most o f  the mass s e r ie s  
found .  Th is  p lane was the o n l y  one f o r  wh ich  the s i g n a l  t o  no ise  
r a t i o  was s u f f i c i e n t l y  la rge  t o  enab le  t h e  data  taken w i t h  the r f  
c u r r e n t  p a r a l l e l  t o  t h e  a p p l i e d  f i e l d  t o  be ana lyzed .  The s t r o n g e r  
s i g n a l s  f o r  t h i s  o r i e n t a t i o n  may be in p a r t  due t o  th e  f a c t  t h a t  a
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b e t t e r  p o l i s h  c ou ld  be o b ta in e d  f o r  t h i s  s u r fa c e  than f o r  su r fa c es  
p a r a l l e l  t o  the o th e r  p r i n c i p a l  p lanes .  An example o f  the  resonance 
da ta  f o r  t h i s  p lane is  shown in  F ig .  6 . In F ig .  7 the measured 
c y c l o t r o n  e f f e c t i v e  masses as a f u n c t i o n  o f  magne t ic  f i e l d  o r i e n t a t i o n  
a r e  d i s p la y e d  f o r  p e r p e n d i c u la r  t o  JH w h i l e  Fig.  8 g ives  the
measured e f f e c t i v e  masses f o r  p a r a l l e l  t o  JH.
The s e r i e s  o f  mass va lues  la b e le d  a and c in F ig .  7 are
ass igned  t o  o r b i t s  cen te re d  a t  the p o i n t  L on the  "a rms"  o f
t h e  f o u r t h  zone (F ig .  3)  hexagonal mesh. The o r b i t  t h a t  occu rs
f o r  a l o n g _ [ l 010] is  shown by the  e q u i v a l e n t  o r b i t s  l y i n g  in
S e c t ions  C ' - C 1 and C-C in  Fig,. 3- The resonances labe led  Aj
In  F ig .  6 a re  due t o  t h i s  o r b i t  and are  seen t o  dominate the
resonance e f f e c t .  When the  f i e l d  i s  r o ta te d  away from [1 0 1 0 ] ,
two n o n e q u iv a le n t  o r b i t s  cen te red  on L are  expec ted .  One o f
these  becomes the o r b i t  denoted by Sec. A1-A '  when £  i s  a lo n g
[1120 ]  and g ives  r i s e  t o  mass branch a in F ig .  7 . The second
s e t  o f  n o n e q u iv a le n t  o r b i t s  is  r o ta te d  towards the  MLH p la n e  and
no longer  e x i s t s  when the  f i e l d  is  d i r e c t e d  11°  f rom t l l 2 0 ] .  These
o r b i t s  g i v e  r i s e  t o  b ranch c shown on F ig .  7* The ass ignment  o f
mass branch a and c t o  these o r b i t s  is s t ren g th ened  by  compar ing
t h e  a n g u la r  dependence o f  the masses w i t h  t h a t  expected f rom a
c y l i n d e r  w i t h  i t s  a x i s  a lo n g  LH as denoted by  the s o l i d  l i n e s  in
F ig .  7 . Th is  cu rve  o n l y  has one a d j u s t a b l e  parameter  (m /m^ f o r
H, a long  [ 1010] )  and the f i t  is  a c c u r a te  w i t h i n  e x p e r im e n ta l  e r r o r
8f o r  the measured mass v a lu e s .  P r i e s t l e y  a l s o  ob ta in e d  a reasonab le  
f i t  t o  the  areas  expected f o r  a c y l i n d e r  f rom h i s  DHVA da ta  a r i s i n g  
f rom  o r b i t s  on t h i s  p o r t i o n  o f  the f o u r t h  zone.
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Fig .  8
For the f i e l d  d i r e c t e d  a lo n g  [ lO lO ]  the o r b i t s  in  Sec. C-C and 
C ' -C '  have v e l o c i t y  components bo th  p e r p e n d i c u la r  and p a r a l l e l  t o  
As the  f i e l d  is  r o t a t e d  toward [1120]  the  v e l o c i t y  components p a r a l l e l  
t o  j l  inc rease  in  magni tude f o r  the  e x t re m a l  o r b i t s  be ing  ro ta te d  
toward the  MLH p lane  w h i l e  t h e y  decrease f o r  th e  o r b i t s  b e in g  r o t a t e d  
toward Sec. A ' - A 1. The data  f o r  p a r a l l e l  t o  ( F ig .  8)
demonstra tes  t h i s  e f f e c t .  Branch c i s  observed over t h e  same 
a n g u la r  range as i t  i s  f o r  p e r p e n d ic u la r  t o  £  , b u t  branch
a becomes unobservab le  f o r  H r o t a t e d  a few degrees f rom [ l O l O ] ,  
S ince the  d e t a i l s  o f  the shape o f  the arms o f  the f o u r t h  zone 
de te rm ine  the magni tude o f  the  v e l o c i t y  components p a r a l l e l  t o  
t *le c y l i n d r i c a l  na tu re  o f  the arms has im p o r ta n t  e f f e c t s  on 
the i n t e r p r e t a t i o n  o f  data  a r i s i n g  f rom o the r  o r b i t s  on t h i s  p a r t  
o f  the  FS. For example,  an o r b i t  such as the one shown by Sec. P-P 
in  F ig .  3 f o r  a lo n g  C1120] shou ld  have a l a r g e  component o f  
v e l o c i t y  a long  _H. T h e re fo re ,  i t  is  reasonab le  t o  ass ign  th e  mass
seni.es: p  f o r  || £  in  F ig .  8 t o  such an o r b i t .  Th is  mass s e r ie s
occurs  o n l y  over  a s m a l l  a n g u la r  range and has the  magn itude and 
a n g u la r  dependence expected f rom t h i s  type  o r b i t .  S i m i l a r l y ,  the 
mass s e r i e s  q and r  in  F ig .  8 a re  t e n t a t i v e l y  ass igned t o  the
o r b i t s  shown by Sec. Q-Q and Sec. R-R in  Fig.  3 . The u n c e r t a i n t y
in  th e  s i z e  and shape o f  the " p o s t s "  near  the p o i n t  H o f  the  
B r i l l o u i n  zone c o m p l i c a te s  the ass ignment  o f  th e  exac t  p o s i t i o n  
o f  such o r b i t s ,  s in c e  e x t re m a l  mass o r b i t s  f o r  t h i s  s e r i e s  e x i s t  
o n l y  ove r  a few degrees b e fo re  the  pos ts  c u t  them o f f .  There are 
t h re e  d i sconnec ted  segments o f  t h i s  mass branch p, q, r  vs f i e l d
\ ka
o r i e n t a t i o n  co r re s p o n d in g  t o  t h re e  arrangements  o f  e x t re m a l  o r b i t s  
between the  pos ts .  Ass ignments o f  some o f  these mass s e r i e s  to  
o r b i t s  on the  t h i r d  zone crown may be p o s s i b l e .  However, the  shape 
o f  the crown causes ex t re m a l  o r b i t s  t o  have s m a l l e r  v e l o c i t y  
components in  the d i r e c t i o n  o f  £  and these mass s e r i e s  a re  de tec ted  
o n l y  f o r  p a r a l l e l  t o  £ .
The mass s e r i e s  la be led  e in F igs .  7 and 8 a re  ass igned  t o  
o r b i t s  on the  f o u r t h  zone " lo w e r  a rm s . "  T h is  o r b i t  is  shown as 
Sec. E-E in  F ig .  3 f o r  JH a lo n g  [ 1120] w i t h  s i m i l a r  o r b i t s  o c c u r r i n g  
as £  i s  r o ta te d  away from [ l l 2 0 ] ,  Th is  o r b i t  remains near the 
f o u r t h  zone pos ts  in  a p o s i t i o n  such t h a t  the  mass remains a 
minimum. The s ig n a l s  f rom t h i s  o r b i t  d isappe a r  as is  r o ta te d  
more than 15°  away from [ 1120] as expected.
The s e r i e s  o f  mass va lues  la b e le d  J In F ig .  7 e re  ass igned 
t o  o r b i t s  on the hexagonal  " c o o k i e "  o f  the t h i r d  zone o f  the 
FS (F ig .  1 ) .  The o r b i t  t h a t  occurs  w i t h  £  a long  [1010 ]  Is shown 
by Sec. J - J  in F ig .  1 and the resonances due t o  t h i s  o r b i t  a re  
la b e le d  as J| in  F ig .  6 . C e n t r a l  o r b i t s  c en te red  on the  p o i n t  
A o f  the  B r l l l o u i n  zone a re  expec ted as th e  f i e l d  i s  r o t a t e d  
toward [11203 where the  o r b i t  denoted by Sec. G-G In F ig .  1 occurs 
f o r  £  a lo n g  [ 1 1 2 0 ] .  Resonances a s s o c ia te d  w i t h  these o r b i t s  a re  
c o n s id e r a b l y  weaker than the resonances a s s o c ia te d  w i t h  o r b i t s  oq 
th e  "upper  arms" o f  the  f o u r t h  zone.
The mass s e r i e s  labe led  b in  F ig .  7 Is t e n t a t i v e l y  ass igned 
t o  o r b i t s  cen te red  a t  M on the  t h i r d  zone "dog bone" ( F ig .  2 ) .
The o r b i t  t h a t  occurs  f o r  H a long  [1120 ]  is  shown as Sec. B-B
in F ig .  2, w h i l e  the  o r b i t  l y i n g  in Sec. B 1 — B1 occurs f o r  JH a long 
[ l O l O ] .  The a n g u la r  dependence o f  t h i s  mass se r ie s  makes t h i s  , 
ass ignment  p l a u s i b l e ,  bu t  the mass va lues  appear r a th e r  l a rg e  f o r  
t h i s  sm a l l  p o r t i o n  o f  the FS. However, t h e  magnitude o f  m as 
g i v e n  in  Eq. (2 ) depends upon the c u r v a t u r e  o f  E(k) vs k
and no t  the a c t u a l  s i z e  o f  th e  FS. Es t im a tes  from the E (k )  vs k
2 *cu rves  g iven  by Soven show t h a t  m f o r  t h i s  s e c t io n  wo u ld  be in 
reasonab le  agreement w i t h  the  mass s e r i e s  b. This b ra n c h  does 
no t  occur  f o r  p a r a l l e l  t o  jH f making th e  ass ignment  more
p l a u s i b l e  s in c e  no resonances would be expec ted  from such  an o r b i t  
i n  t h e  p a r a l l e l  f i e l d  c o n f i g u r a t i o n .  These resonances become 
weaker near [ lO lO ]  w i t h  the  f i r s t  and second harmonic b e in g  
d i f f i c u l t  t o  r e s o l v e ,  as may be v e r i f i e d  by n o t in g  the resonances 
la b e le d  B. in  F ig .  6 wh ich occu r  f o r  JH a long  [ 1010] .  This 
e f f e c t  is  p r o b a b ly  due t o  m ix in g  w i t h  the  o t h e r  resonances.
The s e r i e s  o f  masses l a b e le d  d in  F ig .  7 are weak resonances 
w i t h  a t  most t h re e  o r  f o u r  subharmonics o c c u r r i n g .  These mass 
v a lu e s  a re  t e n t a t i v e l y  ass igned  t o  o r b i t s  on the f i f t h  zone (Fig.  k )  
p ocke t  o f  e l e c t r o n s .  Soven's  c a l c u l a t i o n s  i n d i c a t e  t h a t  e q u i v a l e n t  
o r b i t s  shou ld  be expec ted f o r  the  f i f t h  zone f o r  a l l  f i e l d  
o r i e n t a t i o n s  in  th e  basa l  p la n e .  The ass ignment  is s t ren g th ened  
by n o t i n g  t h a t  Coon, G re n ie r ,  and R eyno lds '  repor ted  c o n s t a n t  
c a l i p e r s  w i t h i n  e x p e r im e n ta l  e r r o r  f o r  th e  f i f t h  zone i n  t h e i r  
g eo m e t r ic  resonance da ta .  I t  may be noted t h a t  the f o u r  mass 
va lu e s  no t  ass igned  t o  o t h e r  o r b i t s  o c c u r r i n g  w i t h  JH w i t h i n  
3 °  o f  [ lO lO ]  p r o b a b ly  do no t  be long  t o  th e  f i f t h  zone mass
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s e r i e s ,  but  t o  an o r b i t  on the  f o u r t h  zone such as Sec. R-R o f  
F ig .  3 . No ass ignment  f o r  the  mass s e r i e s  f  in  F ig .  8 c ou ld  be 
made.
B. (1120) P lane
The e f f e c t i v e  mass va lues  o b ta in e d  f o r  f i e l d  r o t a t i o n s  in  the 
(1120) p lane a re  d i s p la y e d  in  F ig .  9 . The s i g n a l  s t r e n g t h  and 
number o f  resonances i s  a p p r e c ia b l y  l e s s  f o r  t h i s  p lane than f o r  
the  (0001) p lane  and, t h e r e f o r e ,  fewer  mass branches were o b ta in e d .  
C ons ide rab le  e f f e c t s  due t o  magnet ic  breakdown were observed f o r  
t h i s  p lane,  e s p e c i a l l y  f o r  £  p a r a l l e l  t o  [ 0 0 0 1 ] .  The e f f e c t  o f  
magne t ic  breakdown on the da ta  w i l l  be d iscussed  l a t e r .
The s e r i e s  o f  masses la b e le d  a (open squares)  in  F ig .  9 is 
ass igned  t o  o r b i t s  c e n te re d  a t  the p o i n t  L o f  the  f o u r t h  zone 
hexagonal  mesh. These resonances are  s t r o n g  f o r  JH a long  [ lO lO ]  
w i t h  the s i g n a l  s t r e n g t h  due t o  t h i s  o r b i t  d ec rea s ing  as JH is 
r o t a t e d  toward [OOOl] and becoming unobse rvab le  f o r  JH a p p l i e d  
3 2 . 5 °  f rom [ 1 0 1 0 ] .  Th is  mass s e r i e s  co r responds  t o  the same 
f o u r t h  band c y l i n d e r  w i t h  i t s  a x i s  a l o n g  the  l i n e  LH as was 
d iscussed  f o r  th e  (0001) p la n e .  The expec ted  mass va lues  f o r  
t h e  c y l i n d e r  f o r  these o r i e n t a t i o n s  a re  shown by  the  s o l i d  l i n e  
in  F ig .  9*
The mass branches la b e le d  j  and f  in  F ig .  9 a re  ass igned 
t o  o r b i t s  on t h e  t h i r d  zone crown. The s e r i e s  j  is  ass igned  
t o  the  c e n t r a l  o r b i t  c e n te re d  a t  the p o i n t  A o f  the B r i l l o u i n  
zone w h i l e  f  i s  ass igned  t o  n o n - c e n t r a l  o r b i t s  on the "shadow"
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o f  the crown. An example o f  th e  "shadow" o r b i t  is  shown by Sec. F-F 
in  F ig .  1. The resonances g i v i n g  r i s e  t o  s e r i e s  j  near [1010]  
a re  weak and d i f f i c u l t  t o  r e s o lv e .  When H is  r o ta te d  t o  w i t h i n  
22 -5°  o f  [ 0001] the resonances p rodu c ing  the j  s e r i e s  become 
v e r y  s t ro n g  and dominate the resonance e f f e c t  a t  low f i e l d s .  An 
example o f  t h i s  o r b i t  f o r  JH a p p l i e d  a long  [0001]  is  shown by 
Sec. E-E in  F ig .  1. For s u f f i c i e n t l y  h igh  magnet ic  f i e l d  s t r e n g th s ,  
magnet ic  breakdown occurs  between the t h i r d  and f o u r t h  zone across 
the  p o in t s  o f  double  degeneracy a long  the l i n e  AL. I n i t i a l  e f f e c t s  
due t o  magnet ic  breakdown are observed between 2-5 kG.
The mass branch la b e le d  b ( the  mass va lues  connected by the 
dashed l i n e  in  F ig .  9)  is  ass igned  t o  o r b i t s  cen te red  a t  the  p o in t  
M on the "dog bone" o f  the t h i r d  zone. The resonances p roduc ing  
t h i s  branch a re  weak and can be reso lve d  o n l y  ove r  a narrow a n g u la r  
reg i  on.
The b ranch  la b e le d  d (shown by the s o l i d  squares in  F ig .  9) 
is  observed f o r  f i e l d  r o t a t i o n s  ou t  t o  27*5°  f rom [ 1010] and is  
t e n t a t i v e l y  ass igned  t o  o r b i t s  on the f i f t h  zone. The phase s h i f t  
f o r  these mass va lues  i s  l a rg e  ( a p p ro x im a te ly  ng = -|) w h i l e  the 
phase s h i f t s  f o r  mass va lues  ass igned  t o  the f i f t h  zone in  the 
(0001) p lane  data  a re  less  than ng = 0 .1 .  The resonances g i v i n g  
r i s e  t o  s e r i e s  a t o g e t h e r  w i t h  these resonances g i v e  a reasonab le  
f i t  t o  a s t r a i g h t  l i n e ,  and were a t  f i r s t  though t  t o  be an e f f e c t  
o f  mass d o u b l i n g *0 due t o  s u r fa c e  roughness o r  a s l i g h t  t i l t  o f  
H ou t  o f  th e  p lane o f  the  s u r f a c e .  However, as H is  r o ta te d  
in  t h i s  p la n e ,  the  peaks in th e  d i f f e r e n t  branches s h i f t  w i t h  respec t
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t o  one ano the r  and the  am p l i tu des  o f  the peaks are  in  no way r e l a t e d .  
No e x p la n a t i o n  f o r  t h i s  la rg e  phase s h i f t  can be proposed a t  t h i s  
t im e ,  a l th o u g h  i t  is  p o in te d  ou t  t h a t  f o r  t h i s  o r i e n t a t i o n  the  
e l e c t r o n s  on the  f i f t h  zone p o r t i o n  o f  th e  FS have a p p ro x im a te ly  
o n e - h a l f  o f  t h e i r  o r b i t s  l y i n g  w i t h i n  the  s k in  dep th  s ince  the  
e longa ted  edge o f  the  pockets  (F ig .  4)  i s  p a r a l l e l  t o  the  s u r f a c e  
o f  the sample.  In the (0001) data  the f i f t h  zone e l e c t r o n s  have 
o n l y  a sm a l l  p o r t i o n  o f  t h e i r  o r b i t s  w i t h i n  the s k i n  depth.
C. ( l o l o )  Plane
The e f f e c t i v e  mass va lues  f o r  f i e l d  r o t a t i o n s  in  the (1010) 
p lane  a re  d is p la y e d  in  F ig .  10. The data  f o r  JH a p p l i e d  near 
[ 1120] a re  o f  low s i g n a l  t o  no ise  r a t i o  f o r  t h i s  p la n e ,  and t h e r e f o r e ,  
the e f f e c t i v e  masses f o r  t h i s  reg io n  show c o n s id e r a b le  s c a t t e r .
The mass branch la b e le d  a (open squares )  in  F ig .  10 agrees 
w i t h  the  mass o b ta in e d  f o r  the  f o u r t h  zone arms when H i s  a lo n g  
[ 1 1 2 0 ] .  In g e n e ra l ,  t h i s  branch f o l l o w s  the  cu rve  f o r  the same 
c y l i n d e r  as noted p r e v i o u s l y  w i t h  i t s  axes a long  t h e  LH l i n e ,  
a l th o u g h  the  s c a t t e r  i s  la rg e .  These resonances a r e  v e ry  weak w i t h  
o n l y  a few subharmonics o c c u r r i n g .  The second b ranch  d ( s o l i d  
squares)  found in  t h i s  a n g u la r  reg io n  may be ass igned  t o  o r b i t s  on 
the  f i f t h  zone. S i m i l a r  phase s h i f t s  as d iscussed  f o r  the (1120) 
p lane data  were a l s o  found f o r  t h i s  mass branch .  The branch d '  
between 15°  and 35°  maY he the  e x te n s io n  o f  the f i f t h  zone branch 
a t  these ang les .  The resonances c o r re s p o n d in g  t o  t h i s  branch 
become v e r y  s t ro n g  a t  ang les  between 20° and 25°  f rom [OOOl] ,
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but  they  are the o n l y  ones observed in t h i s  angu la r  reg ion .
The rema in ing  mass branch on Fig.  10 labe led  as n is  though t  
t o  be due to  a d i f f e r e n t  o r b i t  than the one caus ing  branch d 1.
A l though i t  is  v e r y  u n l i k e l y  t h a t  a mass ex t rema l  shou ld  e x i s t  on 
the f o u r t h  zone " p o s t s " ,  these posts may be the o n l y  p a r t  o f  the FS 
g i v i n g  such low mass va lues  f o r  t h i s  range o f  o r i e n t a t i o n ;  fu r th e rm o re ,  
these posts  a re  lean ing  32°  f rom the [ 0001] d i r e c t i o n  a t  wh ich ang le  
the mass s e r ie s  n passes near a minimum va lue  and the co r respond ing  
resonances are  s t r o n g e s t .  The s p l i t t i n g  o f  these resonances a t  
some ang les  a re  perhaps due t o  o r b i t s  on d i f f e r e n t  pos ts  i f  t h i s  
assignment is  v a l i d ,  but  most p robab ly  a re  due t o  s u r fa c e  roughness 
or  a s l i g h t  t i l t  o f  out  o f  the  s u r fa c e  o f  the  sample.
Another  assignment  wh ich may be cons ide red  f o r  t h i s  branch is 
the o r b i t  i n d i c a te d  by the d o t t e d  ova l  in  F ig .  3. As was po in ted
g
out by P r i e s t l e y  the symmetry o f  the Fermi s u r fa c e  about  the p o in t  
H is 6m2 , thus H is not an in v e rs io n  c e n te r  making the l o c a t i o n  
o f  an ex t rema l  mass o r b i t  such as t h i s  one d i f f i c u l t .  Th is  a s s ig n ­
ment is  weakened by the f a c t  t h a t  the magnitude o f  the observed 
masses is  s m a l le r  than m ight  be expected f o r  t h i s  o r b i t .
*sV
The two branches w i t h  m /m0 > 1 wh ich  occur  when H is  nearU '■w
[OOOl] on Fig.  10 a re  e v i d e n t l y  due t o  o r b i t s  around the t h i r d  zone 
crown and the f o u r t h  zone network .  N e i t h e r  o f  the mass va lues  f o r  
H a long  10001] cor respond t o  the  c e n t r a l  o r b i t  crown mass ob ta ined  
in the  ( 1120) p lane  data ,  bu t  th e  ang les over  wh ich these branches 
are  observed are  c o n s i s t e n t  w i t h  a s s ig n in g  branch f  t o  the non­
c e n t r a l  "shadow" o r b i t  on the crown as shown by Sec. F-F on F ig .  1
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and branch g t o  the  o r b i t  around the c e n t r a l  s e c t i o n  o f  the  f o u r t h  
zone as shown in Sec. G-G o f  F ig .  3 . The resonant  s e r i e s  g i v i n g  the 
masses on branch f  become v e r y  s t ro n g  f o r  £  near [OOOl] and 
dominate the  s u r fa c e  impedance f o r  these ang les  w i t h  as many as 25 
subharmonics be ing  o b ta in e d .
D. E f f e c t  o f  magnet ic  Breakdown
The re c o rd e r  t r a c e s  d i s p la y e d  in  F ig .  11 show e f f e c t s  o f  magnet ic
breakdown s i m i l a r  t o  those re p o r te d  by M o o r e ^  in  c y c l o t r o n  resonance
measurements on g a l l i u m .  The a s e r i e s  dominates a t  f i e l d s  be low
2 kG; w h i l e  a t  h i g h e r  f i e l d s  the  f i r s t  th rough  t h i r d  harmonics a re
no t  d e t e c t a b le  and the  f o u r t h  and f i f t h  harmonics a re  reduced in  .
s i g n a l  s t r e n g t h .  M o o r e ^  p r e d i c t s  t h a t  magnet ic  breakdown produces
a decrease in  s i g n a l  a m p l i tu de  and a b roaden ing  o f  a g iven resonance
peak due t o  an appa ren t  a) t = (— + —. )  * where t ' i s anr  r r  c app c T t 1
e f f e c t i v e  r e l a x a t i o n  t ime due t o  magnet ic  breakdown.
For sm a l l  breakdown p r o b a b i l i t i e s  a>c 'r ' can be approx imated by 
cd^ t 1 1 / rP  where r  is  the number o f  e q u i v a l e n t  Bragg r e f l e c t i o n  
(o r  breakdown) p o i n t s  on the o r b i t  and P is  the breakdown
I t  18p r o b a b i l i t y .  B loun t  ' and P ippard  have shown t h a t  the p r o b a b i l i t y  
o f  an e l e c t r o n  t u n n e l i n g  f rom one p iece  o f  the FS t o  ano the r  r a t h e r  
than undergo ing  normal Bragg r e f l e c t i o n  is
P = e x p ( -  Hq/H)  , (3 )
where is  the c h a r a c t e r i s t i c  breakdown f i e l d  a t  which the p ro b ­
a b i l i t y  o f  breakdown is  equa l  t o  1/e o f  i t s  ze ro  f i e l d  v a lue .  An
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e s t im a t e  o f  HQ may be made by assuming t h a t  the  broadenings o f
"tC
the  peaks i s  due o n l y  t o  a decrease in  T /  R e fe r r i n g  to  r  7 c app 3
the  p re v io u s  e q u a t io n s ,  i t  f o l l o w s  t h a t
H0 -  {1 /H™, -  1/Hn r l  l n <ndn/md J  - «
where m and n r e p re s e n t  subharmonic numbers where broaden ing
occurs  and d and d denote the  inc rease  in  w id t h  o f  the m1-^ 1m n
and n**1 harmonic ,  r e s p e c t i v e l y ,  where these d i f f e r e n c e s  a re  taken 
w i t h  re s p e c t  t o  an average o f  the  w id th s  o f  those  peaks u n a f fe c te d  
by breakdown. In t h i s  manner a v a lu e  o f  Hq 12 ±  3 kG is  ob ta ined  
f o r  a f i e l d  d i r e c t i o n  a p p ro x im a te ly  2°  f rom [ 0001] .
A more gen e ra l  e f f e c t  o f  the  r a t h e r  low f i e l d s  a t  wh ich  magnet ic  
breakdown occurs  is  shown in  the absence o f  any mass branches due 
t o  the  t h i r d  zone crown and the  v e r y  weak s i g n a l s  f o r  the f o u r t h  
zone upper arms in  the da ta  f o r  the (1010) p la n e .  For f i e l d  
r o t a t i o n s  in  t h i s  p lane the  c e n t r a l  o r b i t s  on the  crown l i e  in  the 
s k i n  depth  a t  t h e i r  p o i n t  o f  c o n t a c t  a long  the  AL l i n e .  The 
c y l i n d r i c a l  shape o f  the  f o u r t h  zone upper arms a l l o w s  n o n - c e n t r a l  
o r b i t s  removed from the  p o i n t  o f  c o n t a c t  bu t  hav ing  the  same mass 
as the  c e n t r a l  o r b i t  t o  be observed.  The d e -ph as ing  t h a t  occurs  
a t  t h i s  breakdown p o i n t  a p p a r e n t l y  causes much more s e r io u s  e f f e c t s  
on the resonance c o n d i t i o n s  than when the  same o r b i t s  c o n t a c t  the
Th is  is  t o  say t h a t  f o r  c o n s ta n t  t ,  the w i d t h  o f  a subharmonic 
resonance i s  d i r e c t l y  p r o p o r t i o n a l  t o  H. Hence, f o r  l / H  sweeps, 
the  w id t h  o f  the  resonances shou ld  be c o n s ta n t .
s k in  dep th  a t  a p o i n t  removed from the  breakdown p o i n t .  The c e n t r a l  
crown o r b i t  is  observed in  the (0001) p lane and ( 1120) p lane  data 
f o r  f i e l d  o r i e n t a t i o n s  where breakdown is  o c c u r r i n g ,  w i t h  o n l y  the 
decrease  in  a m p l i tu d e  o f  the  f i r s t  few harmonics as ment ioned above.
APPENDIX A
In t h i s  s e c t io n ,  the s u r fa ce  impedance o f  a meta l  is  c a l c u la te d  
f o r  the c o n d i t i o n s  under which A z b e l ' -K a n e r  type c y c l o t r o n  resonance 
is  observed. The s u r fa c e  impedance is c a l c u l a t e d  by s o l v i n g  the 
Boltzmann t r a n s p o r t  equ a t ion  in c o n ju n c t io n  w i t h  M axw e l l ' s  equ a t ions .  
A q u a d r a t i c  d i s p e r s io n  law is assumed th roughou t  as w e l l  as the 
e x is te n c e  o f  an i s o t r o p i c  r e l a x a t i o n  t ime t  f o r  the c a r r i e r s .  A 
boundary c o n d i t i o n  o f s p e c u la r  r e f l e c t i o n  -at the su r fa c e  s h a l l  be 
assumed, bu t  d i f f e r e n c e s  due t o  d i f f u s e  s c a t t e r i n g  s h a l l  be p o in te d  
o d t ;  The s u r fa ce  impedance is c a l c u la t e d  f o r  a microwave f i e l d  
p o la r i z e d  both  p e r p e n d ic u la r  and p a r a l l e l  t o  a s t a t i c  magnet ic  
f i e l d  Hq a p p l i e d  p a r a l l e l  to  a p lane s u r fa c e  o f  the m eta l .
Th is p r e s e n ta t io n  w i l l  h o p e f u l l y  g iv e  the  reader a f u l l  
knowledge o f  how the su r face  impedance is  c a l c u l a t e d  and the 
mathematics in vo lved .  However, the b u l k  o f  the a lgeb ra  and 
m athemat ica l  m a n ip u la t io n s  are o m i t te d .
A requ i remen t  f o r  c y c lo t r o n  resonance t o  be observed is  t h a t  
th e  e l e c t r o n  complete seve ra l  o r b i t s  b e fo re  i t  i s  s c a t t e r e d .  This 
i s  e q u i v a l e n t  t o  r e q u i r i n g  t h a t  cjdt »  1. The va lues  o f  mean f r e e  
p a th  and r e l a x a t i o n  t imes o f  i n t e r e s t  here co rrespond t o  the 
extreme anomalous s k in  e f f e c t  r e g io n  where the microwave f i e l d  
is  r a p i d l y  damped i n s id e  a m e ta l .  Under these c o n d i t i o n s  the 
mean f r e e  pa th  o f  the e l e c t r o n s  is  much l a r g e r  than the p e n e t r a t i o n
dep th  o f  the  r f  f i e l d  and t h e r e f o r e  the  e l e c t r i c  f i e l d  v a r i e s  con­
s i d e r a b l y  d u r i n g  an e l e c t r o n  mean f r e e  p a th .  Hence, the  c u r r e n t  a t  
a p o i n t  w i t h i n  the m e ta l  does no t  depend upon the  e l e c t r i c  f i e l d  a t  
t h a t  p o i n t  a lo n e ,  b u t  a l s o  on i t s  v a lu e  w i t h i n  a sphere  c e n te r e d  a t  
the  p o i n t  under c o n s i d e r a t i o n  and o f  a r a d iu s  equa l  t o  the  mean 
f r e e  pa th .  A t h e o r e t i c a l  t r e a tm e n t  o f  th e  anomalous s k in  e f f e c t  
has been g i v e n  in  g r e a t  d e t a i l  by Reute r  and Sondheimer. T h e i r  
work  g ives  th e  r e l a t i o n  o f  t h e  c u r r e n t  d e n s i t y  J t o  the e l e c t r i c  
f i e l d  £  as o b ta in e d  from a s o l u t i o n  o f  th e  Bol tzmann t r a n s p o r t  
e q u a t i o n  f o r  the  c o n d u c t i o n  e l e c t r o n s  i n  the  m e ta l .  Th is  r e l a t i o n ,  
in c o n j u n c t i o n  w i t h  M a x w e l l ' s  e q u a t i o n s ,  g ives  an i n t e g r o - d i f f e r -  
e n t i a l  e q u a t i o n  g o v e rn in g  the  v a r i a t i o n  o f  the e l e c t r i c  f i e l d  
i n s id e  the sample.  The s o l u t i o n  o f  t h i s  e q u a t i o n  p e r m i t s  one t o  
o b t a i n  the  power absorbed f o r  a v a r i e t y  o f  e x p e r im e n ta l  c o n d i t i o n s .
A z b e l '  and Kaner ex tended the r e s u l t s  o f  Reu te r  and Sondheimer
to  th e  case where a m e ta l  is  s u b je c te d  b o th  t o  a microwave e l e c t r i c
f i e l d  p o l a r i z e d  in  th e  p lane  o f  the  sample and a c o n s t a n t  m agne t ic
f i e l d  Hq p a r a l l e l  t o  the sample s u r f a c e .  A z b e l '  and Kaner*
p r e d i c t e d  a resonance b e h a v io r  o f  the  s u r fa c e  impedance o f  the
meta l  under these  c o n d i t i o n s .  They c o n s id e re d  t h e  boundary c o n d i t i o n
o f  d i f f u s e  s c a t t e r i n g  o f  e l e c t r o n s  a t  t h e  s u r fa c e  w h ich  r e s u l t e d
in  c o n s id e r a b le  m a th em a t ic a l  d i f f i c u l t i e s .  R o d r ig u e z **  and M a t t i s  
12and Dresselhaus approached th e  prob lem in  the same manner, bu t  
f o r  s i m p l i c i t y  assumed s p e c u la r  r e f l e c t i o n  as the  boundary  c o n d i t i o n ,  
even though d i f f u s e  s c a t t e r i n g  has been dem ons t ra ted  t o  be c l o s e r  
t o  r e a l i t y .  The j u s t i f i c a t i o n  o f  th e  use o f  s p e c u la r  r e f l e c t i o n
i s  not  o n l y  t h a t  i t  s i m p l i f i e s  the mathematics bu t  t h a t  the  e s s e n t i a l
f e a tu re s  o f  th e  phenomenon a re  s a t i s f a c t o r i l y  d e s c r ib e d .  Reuter and 
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Sondheimer have shown t h a t ,  when JH^  = 0, the s u r fa c e  impedance, i f  
the s c a t t e r i n g  is  s p e c u la r ,  d i f f e r s  f rom the r e s u l t  o b ta in e d  in  the 
case o f  d i f f u s e  s c a t t e r i n g  o n l y  by a f a c t o r  o f  8 /9 -  T h e re fo re ,  
s p e c u la r  r e f l e c t i o n  s h a l l  be assumed f o r  purposes o f  i l l u s t r a t i o n  
here w i t h  the  d i f f e r e n c e s  due t o  use o f  d i f f u s e  s c a t t e r i n g  be ing 
noted.  R e c e n t ly ,  a t h e o r e t i c a l  t r e a tm e n t  o f  the problem was done by 
Hartmann and L u t t i n g e r ^  f o r  a r b i t r a r y  boundary c o n d i t i o n s  us ing  an 
i n t e g r a l  fo rm o f  the Bol tzmann t r a n s p o r t  e q u a t i o n .  The r a p i d l y  
v a r y in g  f a c t o r  in t h e i r  t h e o r e t i c a l  e x p re s s io n  f o r  the s u r fa c e  
impedance agrees w i t h  t h a t  o f  A z b e l '  and Kaner.  The use o f  o n ly  
t h i s  f a c t o r  f o r  t y p i c a l  oyr has shown t h a t  the resonant  f r e q u e n c ie s  
v a ry  by o n l y  1/10 o f  a p e rc e n t  f rom the resonant  f r e q u e n c ie s  
ob ta ined  from the  e n t i r e  e x p re s s io n .
Cons ider  a semi - i n f i n i t e  sample o f  m e ta l  w i t h  a p la n e  s u r fa c e .  
Take a system o f  C a r t i s i a n  c o o r d in a te s  x ,  y ,  z w i t h  th e  xz p lane  
in  the p lane o f  the sample and the  y a x i s  normal t o  t h i s  p lane 
and p o i n t i n g  i n t o  the  m e ta l  ( r e f e r  t o  F ig .  1 2 ) .  The e x t e r n a l  f i e l d  
JHq w i l l  be taken as p a r a l l e l  t o  the z a x i s  w i t h  the r f  f i e l d  
p o l a r i z e d  in  the  xz p lane .
The comple te  s e t  o f  e q u a t io n s  g o v e rn in g  the m ot ion  o f  the 
e l e c t r o n s  c o n s i s t s  o f  M a x w e l l ' s  inhomogeneous e q u a t ions :
and the Boltzmann t r a n s p o r t  equ a t ion  f o r  the  e l e c t r o n  d i s t r i b u t i o n  
f u n c t i o n  f :
d f
at + v * V f + | [ E + - v x H ]  • V. f  + ( f - f n ) /  t = 0 , (2)~  r  fi ~  c ~  ~  k 0 7
where v = Ak/m is  the v e l o c i t y  o f  th e  e l e c t r o n s ,  e and m t h e i r  
charge and mass, and J< t h e i r  wave v e c t o r .  The e le c t r o m a g n e t i c  
f i e l d s  r e f e r r e d  t o  in  the above e qu a t ions  are  the  t o t a l  f i e l d s .  The 
f u n c t i o n  f g  is th e  Fermi d i s t r i b u t i o n  f u n c t i o n .  The c o l l i s i o n  o f  
the  e l e c t r o n s  w i t h  th e  l a t t i c e  im p e r fe c t i o n s  and the  thermal  phonons 
a re  taken i n t o  accoun t  by the  assumpt ion o f  the e x i s t e n c e  o f  a 
r e l a x a t i o n  t ime t ,  which  is  a f u n c t i o n  o f  e l e c t r o n  energy a lo n e .
A s o l u t i o n  o f  e q u a t io n  (2) s h a l l  be assumed t o  be o f  the  form
f  -  f 0 -  f i  (3)
where the  d e v i a t i o n  f ^  o f  the e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  f rom
i t s  e q u i l i b r i u m  f u n c t i o n  f Q i s  p r o p o r t i o n a l  t o  th e  microwave
ie
e l e c t r i c  f i e l d  £  , and has the  same t im e  p e r i o d i c i t y  as £ .  The 
f o r c e  e x e r t e d  on t h e  e l e c t r o n s  by the microwave magne t ic  f i e l d  s h a l l
ie
I f  d i f f u s e  s c a t t e r i n g  boundary c o n d i t i o n s  were assumed, t h i s  
would mean t h a t  an e l e c t r o n  would loose a l l  memory o f  I t s  pas t  
t r a j e c t o r y  when I t  s t r u c k  the  s u r fa c e .  Th is  Is e q u i v a l e n t  t o  
r e q u i r i n g
be neglected i n  equation (2) since i t  is Vj-/c times sm aller than
the f o r c e  e x e r te d  by the e l e c t r i c  f i e l d  E. Here, v_ denotes the~  F
g
Fermi v e l o c i t y  o f  the e l e c t r o n s ,  wh ich  is  on the o rd e r  o f  10 cm/sec
f o r  t h a l l i u m .  The term JE • in  equ a t ion  (2) s h a l l  a l s o  be
2
n e g lec ted  s in c e  i t  is o f  th e  o rde r  E . W i th  these assumpt ions,  
e q u a t i o n  (2 ) reduces t o
( l / T . + . i m J f j  + vy | t  ♦ | E  • Vk f 0 x Hj, • Vk f  = 0 . (4)
The v e l o c i t y  o f  the e l e c t r o n s  i s  d e f in e d  as
v, = 1 / *  , (5)
where e is the  energy o f  the e l e c t r o n s .  Since f g  i s  a f u n c t i o n
o f  e o n l y ,  we may w r i t e
d f „  3 f ,
V o  = Vl-€ T—  = *  v, ^—  • (6 )k 0 k de ~k  Be
S f0The f u n c t i o n  ^ —  has an a p p re c ia b le  va lue  o n ly  in  an energy  rangeO €
o f  a few KT abou t  the Fermi l e v e l ,  and s in c e  the exper iments  are  
per fo rmed w e l l  be low the Fermi tem p e ra tu re ,  a good a p p ro x im a t io n  is 
t h a t
a f o
6 (e -  eF) , (7)
wTo s o lv e  the Bol tzmann t r a n s p o r t  e q u a t i o n ,  i t  becomes more conven 
i e n t  t o  i n t r o d u c e  a f u n c t i o n
g = f  j  ( z , v )  -  f  j  ( z , - v )  .
The reason f o r  d i f f u s e  s c a t t e r i n g  be ing  more d i f f i c u l t  t o  s o l v e  is 
the f a c t  t h a t  f j  depends on z and v f o r  t h i s  case, w h i l e  f o r  specu la  
r e f l e c t i o n  f ^  i s  a f u n c t i o n  o f  energy  a lone .
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where €p i s  the  Fermi ene rgy  and 6 is  the  D i ra c  6 f u n c t i o n .  Using
the p r o p e r t i e s  o f  D i rac  6 f u n c t i o n s ,  we may w r i t e
2~ 2 mv_ ,
•  ( « -  «,> - * < * - - - £ - )  -  * F) • (8 )
Us ing (6 ) ,  the  term i n v o l v i n g  f ^  in  the t r i p l e  p rodu c t  o f  e q u a t io n
van ishes  i d e n t i c a l l y .  T ra n s fo rm in g  t o  s p h e r i c a l  c o o r d in a te s  as 
shown in  F ig .  (12) ,  the Boltzmann t r a n s p o r t  e q u a t i o n  reduces t o
& f l  a f l  eT(1 + i oot ) f . + u) t  - —  + UTsin0 s i ncp ^— - = -  —  6 (v -v_ )E  • n (9) l c B c p  dy m F ~
where n i s  a u n i t  v e c t o r  i n  the d i r e c t i o n  o f  v and tu = eH_/mc. ~  ~  c 0
Equat ion  (9) i s  a l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n  w i t h  the 
independent v a r i a b l e s  y and tp, w h ich  6 appears o n l y  as a 
parameter .  I t  becomes c o n v e n ie n t  i n  s o l v i n g  f o r  f ^  t o  in t r o d u c e  
the  F o u r i e r  t rans fo rm s  o f  E and f , ,  and t h e r e f o r e  we d e f i n e
£ ( s )  = (2rt) ~ 1 /2  J*00 JE(y) exp ( i s y ) d y  (10)
$ ( s )  = (2n ) ”  J f , ( y )  e x p ( i  s y )d y  . (11)
- 0 0  *
W ith  these s u b s t i t u t i o n s ,  Eq. (9) becomes
( 1 + i c u T  -  i s v T  s i n 9  s i n c p ) $ + a ) c T  ^  =  -  —  6 ( v - V p ) J t • • ( 1 2 )
Equa t ion  (12) is  now in  the  form o f  a l i n e a r  d i f f e r e n t i a l  eq u a t io n  
as below:
= -  a ( x )  g + f ( x )  . ( 13)
A s o l u t i o n  f o r  t h i s  d i f f e r e n t i a l  e q u a t io n  may be found in  the 
f o l l o w i n g  manner. A s o l u t i o n  f o r  the  homogeneous p a r t  ( f ( x ) = 0 )  is
g = A exp ( -  o ' ( x ) )  (14)
where A i s  some c o n s ta n t  o f  i n t e g r a t i o n  and or' i s  the  p r i m i t i v e  
o r  i n d e f i n i t e  i n t e g r a l  o f  a.  To o b t a i n  the  inhomogeneous s o l u t i o n  
t o  (13)> we a l l o w  A t o  become a f u n c t i o n  o f  x .  By t a k i n g  the  
d e r i v a t i v e  o f  g w i t h  respec t  t o  x ,  and r e q u i r i n g  the  s o l u t i o n  t o  
be un ique ,  we de te rm ine  t h a t
A = J* f  ( x ' ) a '  ( x ‘ ) dx '  . (15)
x
Hence the s o l u t i o n  t o  the d i f f e r e n t i a l  e q u a t io n  (13) is
g ( x )  = J‘ f ( x ' )  e x p ( « ' ( x 1) -  Qf1 ( x ) ) d x *  . ( 16)
x
By making the p rope r  s u b s t i t u t i o n s  f rom e q u a t io n  (12) i n t o  e q u a t io n  
(16) ,  the s o l u t i o n  t o  the  Bol tzmann t r a n s p o r t  e q u a t io n  reduces t o
*  = S T  f  d p ' ‘ £ ( 0' CP'> Xc cp
expty(cp'-cp) + ia y  s i n 0 (coscp' -  coscp)] , ( 17)
A -8
where
Y  =  ( 1  + i c o t  )  / u > q T  ( 1 8 )
a  =  s v t / ( 1 +  iu y r )  . ( 1 9 )
Note t h a t  the f u n c t i o n  #  i s  s i n g l e  va lued  w i t h  respec t  t o  cp, 
i . e .  #(cp + 2it) = $(cp). The i n f i n i t e  l i m i t s  in  e q u a t io n  ( I 7 ) may 
be changed t o  an i n t e g r a t i o n  over  a s i n g l e  p e r io d  by n o t i n g  t h a t
cp+2n 00
4  = J  dcpl f ( c p ' ) + J  dcp1 f  (cp1) , (20)
cp cp+2n
where f(cp1) r ep res en ts  the  in te g ra n d  o f  e q u a t io n  ( 17) .  By
n o t i n g  t h a t  the l a t t e r  te rm in  e q u a t i o n  (20) is  exp(2 i ty )  X 4>(cp+2rt),
and r e c a l l i n g  t h a t  $  is  s i n g l e - v a l u e d ,  we may w r i t e  e q u a t i o n  ( I 7 ) as
.  _,  cp+2*
® = moT 6 (v “ v p^ 1 “  exP (2n y ) ]  J  dcp'Jg/s) * jn(e,cp')  
c cp
X e x p tY ( tp ' " 9 ) + iavs in0(coscp '  -  coscp)] . (21)
Th is  i n t e g r a l  s o l u t i o n  f o r  the  F o u r i e r  t r a n s fo r m  o f  the v a r i a b l e  
e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  s h a l l  be used in  the c a l c u l a t i o n s .
To c a l c u l a t e  the  s u r fa c e  impedance, i t  i s  necessary t o  c a l c u l a t e  
the c u r r e n t  d e n s i t y .  The c u r r e n t  d e n s i t y  is  g iven  by
A -  f i  S f 1 x. d3k - <aa>kl tJ
A - 9
which  is  e q u i v a l e n t  t o
j > )  = /  4 , *, A  . (£3)
4nr
By s u b s t i t u t i n g  (21) i n t o  (23 ) ,  we o b t a i n
i ( s )  = ^ (N e 2/jtmu) ) [ e x p ( 2ny) "  l l  1 J d0 s i n 0 
4 c 0
2jt 9 +2rt
X J‘ d9  j n ( 0 , 9 ) J' ckp' £ ( s )  • j n { 0 , c p ' )
0 9
X e x p [ y ( 9 ' - 9 ) + i a y  s in 0 (c o s 9 '  -  COS9 O] , ( 2 4 )
where N is  the  number o f  c o n d u c t io n  e l e c t r o n s  per  u n i t  volume.
The i n t e g r a t i o n  ove r  dv was per fo rmed in a r r i v i n g  a t  (24) as 
f o l l o w s
00 2
P v ^ 6 ( v - v F) d^v = Vp = ^  -  N . (25)
0 8 rtm
Equat ion  (24) d e f in e s  a c o n d u c t i v i t y  t e n s o r  wh ich r e l a t e s  the 
components o f  j , ( s )  t o  those  o f  J , ( s ) .  The components o f  the 
c u r r e n t  d e n s i t y  s h a l l  be e v a lu a te d  f o r  the x ,  y ,  z components 
by n o t i n g  t h a t
£ ( s )  • j i ( 0, 9 ' ) = s i n 0cos9 ' § + s i n 0s i n 9 ‘ % + cos9 |  (26)^  x y z
A A A
n_(0, 9 ) = s i n 0 COS9  i + s i n 0 sirKp j  + cos0 k . (27 )
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The change o f  v a r i a b l e
Of = -|(cp ' -  cp) p = ^ (cp ' +  cp) ( 28 )
a lo n g  w i t h  ( 26 )  and ( 27 )  a l l o w s  one t o  w r i t e  (2 ^ )  as
n a •  1 ^
j > )  = ]7 (Ne /nm u  ) [ e x p ( 2j ty)  "  l ]  f  d0 s i n 0 
C 0
jr ot+2ft *  ~
X J  do? J* d p [ s i n 9  c o s ( p - a ) i  + s i n 0 s i n ( p - a ) j  + c os0 k ]  
0 a
X [ §  s i n 0  cos(ort-p) + § s i n0 s i n ( a + p )  + § c o s 0 ]  x  y z
X e x p [ 2y a  “  2 i a y  s i n 0  s i na s i n p ]  . (29)
T h is  e x p r e s s i o n  may be exp ressed  in  a more c o n v e n ie n t  fo rm by the  i n t r o ­
d u c t i o n  o f  t h e  i f o l l o w ! n g  f u n c t i o n s :
S± = S x ± Sy < - V S x  • (3°)
U s ing  these  f u n c t i o n s  a lo n g  w i t h  some t r i g o m e t r i c  i d e n t i t i e s ,  we 
may w r i  t e
= ^ ( N e 2/wiKD ) [ e x p ( 2 jtv)  -  l ]  1 f  d0 s i n 0 J* da  e x p ( 2ya)
H c 0 0
a+2rt
X J d p { [ | _ c o s 2 p  + ? c o s 2a  + % s i n 2 P  + 5 _ s i n 2 a ] s i n  0 
a
a
+ c o s 0 kCS^s in0cos(cH-p) + l ^ s i n 0s i n ( a + p )  + §z c o s 0 ] }
X e x p ( - 2 i a y  s i n 0  s i n a  s i n p )  . (3 1 )
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In o rde r  t o  per fo rm the i n t e g r a t i o n  over  dp , the e x p o n e n t ia l  o f  
the  s in e  f u n c t i o n  must be expressed as a s e r ie s  expans ion  o f  Bessel  
Funct i ons:
GO
e 'z  s in 9  = j ^ ( z ) + 2 E  [ J 2n (z)cos2n9 + i J2n_ j  ( z ) s i n ( 2 n - 1) ©!] . (32)
n=l
With t h i s  expansion, the i n t e g r a l  over dp r e s u l t s  in  an i n t e g r a l  
o f  s in e  and cos ine  f u n c t i o n s .  These a re  o r thogona l  f u n c t i o n s  w i t h  
the f o l l o w i n g  p r o p e r t i e s :
2« 2*
J sin(nx+a)sih kx -  J* cos(nx+a)cos kx dx = 2it cosa 6^ ^ (33)
2rt 2 it
J* sin(nx+a)cos kx = -  J sin nx cos(kx+a)dx = 2n s i na  ^ , (34)
where 6^ ^ i s  one i f  n is  equal  t o  k and ze ro  o th e rw is e .  
Per fo rm ing  the i n t e g r a l  over  dp , e q u a t io n  (31) reduces t o
o p  n
^ ,(s )  = ^(Ne /moi^) [exp (2iry) -  l ]  J* d0 s i n0 J  do? e x p (2Y<*)
X { [2§_  Jg(b )  + | +cos2Qf Jq(b)  + §[f s in 2 a  JQ( b ) ] s i n 20
+ [ §  s in 0  cos or J ^ (b )  + cos9 J q (b ) ]  cosB k}  , (35)
where
b = 2ay sin© si  nor (36)
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R e f e r r i n g  t o  the  p r o p e r t i e s  o f  Bessel  F un c t ions ,  the  nt 1^ o rd e r  
Bessel  Func t ion  may be w r i t t e n  as an i n f i n i t e  s e r i e s :
00 / i \ r /i / rt\n+2r
Jn (b) = r ? 0 r l  (n+ r)1  ’ (37a)
Look ing ahead, i t  may be n o t i c e d  t h a t  the  zy  component o f  j .  
van ishes  s in c e  the  i n t e g r a l  over  d0 f o r  t h i s  term r e s u l t s  in  a 
s in e  f u n c t i o n  wh ich  van ishes  when e v a lu a te d  a t  the l i m i t s .  The 
rema in ing  i n t e g r a l s  r e s u l t  ( i n  some cases a f t e r  an I n t e g r a t i o n  by 
p a r t s )  in  an i n t e g r a l  o f  the form
ax . n- 1   xI* _ax . n , 1 r / • \ J e s i n  x dx = —75— gL(a s i n x  -  n co s x ;e  s in
a +n
+ n ( n - l )  J  e3X s i n 11 2 x d x ]  . (3Tb)
When the  l i m i t s  o f  i n t e g r a t i o n  f rom (35) a re  used t o  e v a lu a te  the 
f i r s t  te rm o f  (37t)> t h i s  term van ishes  due t o  the  s i n n *x term. 
Hence, a f t e r  per fo rm ing r  such i n t e g r a l s ,  we may w r i t e
J* da e x p (2ya)sin2ra = 2 r | 2 r ~ ^  • (2 r ~ ^  fe.E"3? , .. ... - i [ e x p (2n y ) - i ]
0 (2y) + (2r) (2y) + (2r-2 ) ^
r  2 “  ^
1 [ « x p ( a t Y ) - i ]  n [1 + , (38b)
(2y) v=0 y
n
where th e  symbol I I  denotes the produce o f  terms w i t h  index i
i =m
(38a)
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rang ing  from m t o  n. Making the p rope r  s u b s t i t u t i o n s ,  we may reduce 
(35) t o
J ( s ) Z  (■1) r (g r >t ^  I** d6 f s i n 2r+3 <2 1+itDT r7 0 { r , ) 2  22 r + l  J 0 de l s , n
X r?  + f2a2Y2s i n 285-  £  m -  ) (2 r+ 2 ) ( 2 r + l )
X L5+ 1 ( r+ 2 ) ( r + l )  2y ( r + l )  2V  ^ ) 2+ { 2 r + 2 ) 2
♦ s in 2r+1 e cos2e s "k} n [ i + v- | ' l > (39)
z v =0 y
?
where o = Ne m/m is  the c l a s s i c a l  e l e c t r i c a l  c o n d u c t i v i t y .  The 
rema in ing  i n t e g r a t i o n  over  dfl may he made by use. o f  the f o l l o w i n g  
i n t e g r a t i o n  fo rmulas :
!  « .mx . In"x - ^  J co5m-2x , .n"x dx (40)
jj r ( n+i )
J* s ln nx dx = / «  J" , (41)
J o i x § n >
where T  is  the  Gamma f u n c t i o n .  The p r o p e r t i e s  o f  the  Gamma 
f u n c t i o n  are
r ( n )  -  (n—1)1
r ( " 4 )  = ^  / «
2 2 n!
(42)
(43)
The c u r r e n t  d e n s i t y  may be eva lua ted  w i t h  the use o f  equa t ions  (40) -  
(4 3 ) .  W r i t i n g  the  c u r r e n t  d e n s i t y  in  i t s  tenso r  form, we have
j  = a 5 + a  5 (44 )Jx xx y xy  y v '
j  = a  S + a  5 (45 )-»y yX x yy y v
j  = a  5 (46)Jz zz z v '
where the components o f  the tenso r  a re
r _2 r r +1
o = - 3 g -
X X  1+ i COT rf 0 ' 1 ■ 8* i l L > * + ( " V 1) 2] ' 1 » t )
_  00 , . v r 2 r r +1 . _ _i
"yy " T+Tot 4 ^  "  [1 + ] W»1'  r =0 J n=0
„  .  .  o . . j e -  I  ( - l ) ^ 2 r ( r * l ?  n ‘  [ ! ♦  (ny- 1) 2 ] ' 1 (49)xy  yx l+iu)T _ 2r+3 L i  u Y 7 v 77r =0 n=0
^  rf 0 ( £ 11) j ?0 C1 + • ' 50)
Note t h a t  = ' n t *1c a^ ove exp ress ions .  The equa t ions
(**?) “  (50) a*"e u s e fu l  f o r  the  numer ica l  computat ions o f  the 
c o e f f i c i e n t s  o f  the c o n d u c t i v i t y  t e n s o r  f o r  la rg e  va lues  o f  
Hq ( i . e . ,  I v l  <<; 1) and f o r  any va lue  o f  a , and f o r  |a |  «  1 
and any va lue  o f  In  the range in  wh ich  c i^ t  ~  1. For example
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i f  £  is  a long  the  z a x is ,  th e re  is  o n ly  a component o f  a long
z. For h ig h  f i e l d s  where ui t  »  1, o n ly  the  y = 0 te rm  is  im p o r ta n tc
in  the  s e r ie s  expans ion  o f  ° z z ' The c u r r e n t  d e n s i t y  reduces to
Jz = ( V 1+,cuT)5z ' (51)
which is  J u s t  Ohm's law. For sm a ll  a , we have sVpT «  11+1 cot |
which Is  ro u g h ly  e q u iv a le n t  t o  j  «  | l+ io y r |  where X Is  the
mean f r e e  pa th  and 6 is  the  s k in  d e p th .  Resonance is  u n l i k e l y
t o  occu r  in  t h i s  re g io n .  The c u r r e n t  d e n s i t y  reduces to  Ohm's
law f o r  the  le a d in g  term in  (50 ) w h i le  th e  rem a in ing  terms a re
2 rp r o p o r t io n a l  t o  a , r  => 1, 2 , . . .
For c o n d i t io n s  under w h ich  resonance is  observed , i t  becomes 
co n v e n ie n t  t o  express the  components o f  th e  c o n d u c t i v i t y  te n s o r  
as a power s e r ie s  in  a  ^ . The method t o  o b ta in  t h i s  power s e r ie s
ig
is  o u t l i n e d  by Rodriguez *  in  an append ix  t o  h is  paper on u l t r a s o n ic  
a t t e n u a t io n .  The expans ion  in v o lv e s  t a k in g  the  complex in t e g r a l  
over a c e r t a in  c o n to u r .  The e x a c t  p roce d u re  may be found in  
R o d r ig u e z 's  paper w h i le  we s h a l l  o n ly  q u o te  the  r e s u l t  o f  the  
expans ion :
axx = i f e  $  e« h<*v> -  ^2 + ^ 3  cotH(xY) (1 + Ag)
- 3 r!?0 \ S ) C t )  U  + tl+(^ '1)23] te2)
»
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q = .  a = — S—  r .  32L. £Q,t h ( n y ) 
xy  yx 1+ i cut l  ^ 3  y
+ i  £  * --1------ n  {1 + ( n y " 1) 2 ) ]  (53 )
Y r =0 1 n=0
ayy = T ^ F  [ "  ^ 3  co th (n Y )  +
qo |* * |*
+ 3 s  - ^ 4 = 5 --------  n  [1 + (nv"1) S) 3 w
r=0 ar+1 n=0
ffzz = T f t o F  c§ r  « t h <’'Y> + ^ 3  (1 + ^ 2 > c o t h ("V)
* 3 *  » ,  i > ♦ •
Th is  completes the  c a lc u la t i o n  o f  the  c u r re n t  d e n s i t y  te n s o r .  
The rem a in ing  e q u a t io n  a t  our d is p o s a l Is a r e s u l t  o f  M axw e ll 's  
e q u a t lo n s :
32E
— 1  + (c»2/ c 2 ) E = (4« lu )/c2 ) J . (56 )
ay
The boundary c o n d i t io n  imposed on the  f i e l d s  because o f  our cho ice  
o f  s p e c u la r  r e f l e c t i o n  Is
E ( -z )  = JE(z) £ _ s = £ s J - s (“ % )  = i 5 (“ c ) • (57)
W ith  these c o n d i t io n s ,  the  problem may now be cons ide red  in  an 
i n f  In i  te  medium.
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T ak ing  the  F o u r ie r  t ra n s fo rm  o f  {5 6 ) ,  we no te  t h a t  ,E(y) has 
a cusp a t  y = 0 , because th e re  the  f i e l d  is  damped in  b o th  the  
d i r e c t i o n  o f  the  p o s i t i v e  and n e g a t iv e  y a x i s .  T h is  a l s o  fo l lo w s  
fo rm  (57) s in c e
E ' (+0) = -  E1 ( - 0 ) , (5 8 )
where th e  p r im e  denotes d e r i v a t i v e  w i t h  re s p e c t  t o  y, and the  
argum ents +0 and - 0  i n d ic a te  t h a t  th e  l i m i t s  a re  t o  be 
e v a lu a te d  f o r  p o s i t i v e  and n e g a t iv e  v a lu e s  o f  y ,  r e s p e c t i v e ly .
Hence the  F o u r ie r  t r a n s fo r m  o f  (5 6 ) is
-  / 2/ «  E/ (+0 ) -  s2£ ( s )' + (o>/c)2 £ ( s )  = (4*ia>/c2 ) ^ ( s )  . (59)
The s u r fa c e  impedance is  d e f in e d  as
z E* (0 ) (60 )Zz ‘  -  ( T M  (60)
^  E* (0) (61)
z -  *  -  —  F T o T  ( 6 l )C
f o r  th e  two cases o f  l o n g i t u d in a l  and t ra n s v e rs e  c y c lo t r o n  
resonance, r e s p e c t i v e l y .  Here JH Is  the  m icrowave m agne tic  f i e l d ,  
so we may w r I t e
r 4jti(jo z '  '
•z = ‘  c 2 F £ o )
E , (+0 )
L • E (+0)Art i id x
x  "  "  2 E' (+0)C X
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(63)
I f  we c o n s id e r  th e  l o n g i t u d i n a l  case w i t h  JE p a r a l l e l  t o  the  
z a x i s ,  th e  o n ly  n o n v a n is h in g  component o f  ^  is  in  th e  z d i r e c t i o n .
Hence from  (5 8 ) ,  we f i n d  t h a t
5Z (s )  = -  / 2 / i t  E ^ (+ 0 )  [ s 2 -  (o>/c) 2 + (A it iu i /c 2 ) c z z ( s ) ]  1 • (&*)
T a k in g  th e  in v e rs e  t r a n s fo r m  o f  (61+), we have
“  - 1 
E,  (y )  = " ( 2/ n ) E ' ( + 0 ) J* [ s 2- ( a i / c ) 2+ (l+ jt ia)/c2 )a  ( s ) ]  c o s ( s y ) d s .  (6 5 ) z z 0 zz
The te rm  (u>/c) 2 r e s u l t s  from  th e  d is p la c e m e n t  c u r r e n t  and can be
9n e g le c te d  as a rgued  by R eu te r  and Sondhe im er. The c o n d u c t i v i t y  
component a  may be found  by r e c a l l i n g  t h a t  we a re  in  th e  ex trem e 
anomalous s k in  e f f e c t  r e g io n  (1 »  6 ) and a Is  o f  th e  o r d e r  o f  
1 /6 .  Hence o n ly  th e  f i r s t  te rm  in  th e  a s y m p to t ic  e x p a n s io n  ($k )  
need be taken  i n t o  a c c o u n t .
CT = i. 3??• , \ c o th ( j t y )  (6 6 )zz  i+a ( l+ io iT ) '  T/
S u b s t i t u t i n g  ( 6k )  and (6 5 ) i n t o  (6 l ) ,  we f i n d
z ,  = (S !S ) r  [ , 3  + (3n2 iax, / c 2 i )  c o t h ^ ) ] ' 1 sds . (6 7 )
t r  0
The te rm  c o n t a in in g 1/oyr was n e g le c te d  s in c e  we have r e q u i r e d
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ayr be la rg e .  Upon in t e g r a t i o n  (67 ) y ie ld s
Z = f / V *  ^  ^  + tanh ^ (n y )  . (68 )
y c o
We now c o n s id e r  the case when the  m icrowave f i e l d  is  p o la r iz e d
p e rp e n d ic u la r  t o  IbL a lo n g  th e  x  a x i s .  A f i e l d  E in  they
d i r e c t i o n  o f  the  normal t o  t h e  s u r fa c e  o f  the  sample is  p resen t due 
to  th e  b u i ld u p  o f  a space charge  by the  resonan t e le c t r o n s .  Th is  
c u r r e n t  may be found as f o l lo w s  by u s in g  some p r o p e r t ie s  o f  
e le c t ro d y n a m ic s :
dE
(7 * E) y  = dy = ^
(v* j ) + = —  ( j  + 7^ § ) = 0 . (70)'  ~ 'y  a t 3y y bn y '
Tak ing  the  F o u r ie r  t ra n s fo rm  o f  (70) ,  we re q u i re
j y (s )  = - ( io > /4 * ) § y (s )  . (71)
Using (4 5 ) ,  we f i n d  t h a t
5y (S) = CCTXy / ( Cyy + l<«/4jt)] S* (s ) (72)
so t h a t  w i th  (4 4 ) ,  we deduce t h a t
J x (s )  *  ax  «*< ’ > (73)
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where
2a
yy
a = a + -------—___ t
x  xx a + i ai/i+jt
Hence the s u r fa c e  impedance is  c a lc u la te d  e x a c t l y  as f o r  the
lo n g i t u d in a l  case w i th  r e p la c in g  a  . As b e fo re  o n ly
the  term  c o n ta in in g  a * in  the  expans ion  o f  is  o f  im portance .
0x ka (1 + icur) ^ 5 )
T h e re fo re  in  t h i s  l i m i t  a  = a  and Z = Z .X ZZ X z
The re a l  p a r t  o f  the  s u r fa c e  impedance is  p r o p o r t io n a l  to  the 
power absorbed by the  m e ta l.  Hence n e g le c t in g  the  c o n s ta n ts  f o r  
the  moment; we may c a lc u la te  the  r e a l  component o f  Z w h ich  we 
s h a l l  w r i t e  as
. a + ib  - a - i b  1 /3
= r®_____ _________*|
 ^ » + 1h —a-J Ka + ib  - a - i b J ^e + e
where
a = fit. b „ . (77)
CO T CD m i '
c C
By m u l t i p l y i n g  top and bottom  o f  (76 ) by the complex c o n ju g a te  o f  
the  denom ina to r;  we have
1/q
ir t /3  rS in h  2a + i s in  2b i  J 
1 e cosh 2a + cos 2b J ‘  ( W
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The r e a l  p a r t  R o f  Z is  d e f in e d  as
R = (79)
The s o lu t i o n  f o r  R in  t h i s  case may be found by cub ing  R:
8 R3 = Z 3 + Z* 3 + 6 ZZ*R . (80)
S u b s t i t u t i n g  from  (78) ,  we f i n d  
2 , n x ^  2 ,_, \ n 1/3
R3 3  [ s in h  (2a) + s in  (2b ) ]  „  _1 s i  n h (2a)_______  _ *  n
*  [cosh(2a) ♦ ccs (S b )]2 /3 5  cosh(2a) + cos(2b)
Th is  is  in  the  form  o f  a g e n e ra l c u b ic  e q u a t io n .  The fo rm  o f  the  
s o lu t i o n  depends upon the  " d i s c r im in a t e "
t  + > (82)
where p is  the  c o n s ta n t  term  and q is  the  c o e f f i c i e n t  o f  the  f i r s t  
o rd e r  term . I f  (82) is  la r g e r  than z e ro  th e re  w i l l  be one re a l  
and two c o n ju g a te  im a g in a ry  r o o ts .  I f  (82) is  z e ro  th e re  w i l l  be 
th re e  r e a l  r o o ts  o f  w h ich  a t  le a s t  two a re  e q u a l.  I f  (82) Is 
n e g a t iv e ,  th e re  w i l l  be th re e  r e a l  and unequal r o o ts .
For our case, s u b s t i t u t i n g  from  (81) i n t o  (8 2 ) ,  we f i n d  t h a t
’r  + i - h  - * ' r ? S a — ; i < 0  • (03)
^  [c o s h  2a + cos 2b]
Hence th e re  a re  th re e  re a l  and unequal ro o ts .
where
For our case, the ang le  <t> is
T h is  is  e q u iv a le n t  to
T he re fo re  the  f i n a l  s o lu t i o n  f o r  R is
.2.  . 2 . 1 /6
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2 ^ 7 3  cos 4>/3 (84)
2 / =a73 cos (<t>/3 + 120° )  (85)
a / ^ 7 3  cos (4>/3 + 240°) (86)
= cos" 1 [ -  |  / / ■ ( -  a3/ 2 7 ) ]  - (8 7 )
= cos 1[ -  s in h  2a / y ( s in h ^ 2a + s in ^ 2b ) ]  . (88)
= tan  ^ s i n  2b /s in h  2a) . (8 9 )
d = cos /£+ *)  [ s in h  + s l n j j b ]   ,go)
3 r u2 • 2. - 11/3 ^  }^ Lcosh a -  s in  b j
where ♦ is  g iven  by (89) .  By choos ing  a v a lu e  f o r  the parameter
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c o t  (w h ich  is  e q u a l t o  a / b ) ,  the  r e a l  p a r t  o f  the  s u r fa c e  impedance 
is  found  t o  o s c i l l a t e  i f  c o t  >  1  , w i t h  these  o s c i l l a t i o n s  b e in g  
p e r io d ic  in  1/H.
T h is  com ple tes  o u r  c a l c u l a t i o n  o f  the  s u r fa c e  impedance. The 
r e s u l t s  (e q u a t io n s  (6 8 ) and (9 0 ) )  show th e  same p e r io d ic  b e h a v io r  
as p r e d ic te d  by A z b e l1 and Kaner, w i t h  o n ly  the  l i n e  shapes b e in g  
d i f f e r e n t .  The p e r io d ic  b e h a v io r  o f  the  e x p e r im e n ta l  r e s u l t s  agrees 
w i t h  th e s e  t h e o r e t i c a l  p r e d i c t i o n s ,  b u t  the  l i n e  shapes o f  the  
resonances , in  g e n e ra l ,  do n o t  ag ree  as w e l l  w i t h  the  t h e o r e t i c a l  
p r e d i c t i  ons.
APPENDIX B 
D e s c r ip t io n  o f  the  SPS Program
The computer program used in  a n a ly z in g  the data  was w r i t t e n  
by use o f  the Symbolic Programming System (SPS). An e x p la n a t io n  
o f  the o p e ra t io n  o f  the program fo l lo w s  w i th  a l i s t i n g  o f  the 
program and a f lo w  diagram appea r ing  a t  the end o f  the  append ix . 
H o p e fu l ly ,  t h i s  appendix  w i l l  e x p la in  the  o p e ra t io n  o f  the program 
r e q u i r in g  o n ly  a sm a ll knowledge o f  computers on the  p a r t  o f  the  
reade r.  The ro le  o f  each s ta tem en t In the  program would re q u i re  
some knowledge o f  SPS programming, and is  unnecessary f o r  an 
u n d e rs ta n d in g  o f  the o p e ra t io n  o f  the program.
A c o n s id e ra b le  p o r t io n  o f  the program is  to  in su re  th a t  a l l  
numbers used in  m a them atica l o p e ra t io n s  were o f  the same o rde r 
f i e l d s  and th a t  these numbers were a l l  f l o a t i n g  p o in t  o r  a l l  
f i x e d  p o in t  numbers. The s m a l le s t  p o s s ib le  f i e l d s  c o n s is te n t  w i th  
the accuracy  d e s ire d  were used, thus co n se rv in g  s to ra g e  space 
and speeding up e x e c u t io n  o f  th e  program.
As d i r e c te d  by s ta tem en ts  8 -23 ,  the program d is c r im in a te s  
between f i v e  d i f f e r e n t  types o f  in p u t  cards by check ing  the  f i r s t  
c h a ra c te r  o f  each ca rd .  The in p u t  cards c o n ta in  e i t h e r  a data 
p o in t  (1/H v a lu e ) ,  c r y s ta l lo g r a p h ic  o r ie n t a t i o n ,  microwave 
f req uency ,  o r  one o f  two type parameters used in  the  c a lc u la t i o n s .
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I f  an in p u t  card does no t have an a cce p ta b le  c h a ra c te r  in  the f i r s t  
p o s i t i o n ,  a s ta tem en t (501) is  p r in te d  on the t y p e w r i t e r  and the 
computer then h a l t s .  The in p u t  ca rds w i l l  be accepted in  any o rd e r ,  
b u t  sa feguards a re  added to  the program whereby the  computer types 
o u t  a s ta tem en t i f  the  in p u t  cards a re  ou t o f  in tended o rd e r .
An in p u t  card t h a t  c o n ta in s  an in te g e r  in  the  f i r s t  p o s i t io n  
is  in te r p r e te d  as g iv in g  the microwave f requency  in  m u l t ip le s  
o f  g ig a - h e r tz .  i f  an in te g e r  is  the  f i r s t  c h a ra c te r ,  c o n t r o l  o f  
the  program is  t r a n s fe r r e d  from s ta tem en t 23 to  s ta tem en t 111.
Each t im e a va lue  o f  f requency  is  read in t o  the computer, a s t a te ­
ment (1+98) is  typed o u t  to  t h i s  e f f e c t  to  in su re  th a t  the f requency  
was not changed by m is ta k e .  Statements 119“ 123 a l lo w  the computer 
t o  c a lc u la te  the c o n s ta n t  e/ajcmg from  the  frequency  va lu e .
A data in p u t  ca rd  has a dec im a l p o in t  in  the  f i r s t  p o s i t io n  
w i th  the 1/H va lue  f o l l o w in g  in  u n i t s  o f  in ve rse  k i lo g a u s s .  The 
c o n t r o l  o f  the computer is  t r a n s fe r r e d  to  s ta tem en ts  60-110. Th is  
s e c t io n  o f  the program is  used to  de te rm ine  the range in  which 
mass va lues  a re  sough t,  o r  e q u iv a le n t ly ,  the p o s s ib le  subharmonics 
t h a t  a g ive n  1/H v a lu e  may re p re s e n t .  Two param eters , r e fe r re d  to  
as DX1 and DX2, must be se t  by the  programmer wh ich  g iv e  the l i m i t s  
in  which mass va lues a re  sought. These "DX" cards a re  read in  
on a sepa ra te  in p u t  ca rd  w i th  the  f o l l o w in g  fo rm a t:
Lb. x x xE -xxb . xxxE-xx
where the f i r s t  va lu e  is  DX1 and the  second DX2. The data p o in ts
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a re  d iv id e d  by in te g e rs ,  b e g in n in g  w i t h  one and in c re a s in g  by in t e g r a l  
s te p s .  I f  the  r e s u l t a n t  v a lu e  ( r e fe r r e d  to  h e r e a f t e r  as 1/nH, where 
n denotes the  in te g e r )  f a l l s  in  the  range
DX1 <  1/nH < DX2
then 1/nH and n a re  s to re d  such t h a t  t h e i r  s to ra g e  space, in  th e o ry ,  
is  known. Once 1/nH is  le ss  than DX2, the  com puter branches to  
read ano th e r  c a rd .  A ru n n in g  t o t a l  o f  the number o f  1/nH va lues  
s to re d  f o r  a g iv e n  c r y s t a 1lo g ra p h ic  o r i e n t a t i o n  is  kep t in  o rd e r  
t o  o b ta in  the  s to ra g e  space o f  each v a lu e .
An in p u t  ca rd  c o n ta in in g  a Y in  the f i r s t  p o s i t i o n  g iv e s  
the  ang le  o f  c r y s t a l l o g r a p h ic  o r i e n t a t i o n .  T h is  ca rd  is  used 
t o  denote t h a t  a l l  data  p o in t s  from  the  p re v io u s  ang le  have been 
read . C o n tro l  o f  the  program is  t r a n s fe r r e d  t o  s ta te m en t I 37 
where the  v a lu e  o f  ang le  read in  is  s to re d ,  and th e  v a lu e  th a t  
was s to re d  is  t r a n s fe r r e d  to  a p o s i t i o n  to  be punched o n to  an 
o u tp u t  s ta te m e n t.  Then i f  a t  le a s t  two data  p o in t s  a re  s to re d ,  
the  program branches t o  s ta te m en t IbS,  where " o r d e r in g "  occu rs  
as d e s c r ib e d  be low . I f  f o r  any reason, two " a n g le "  ca rds a re  
read in  s u c c e s s io n , .a  s ta te m e n t (500 ) is  typed o u t  and the 
computer h a l t s .  Th is  p re v e n ts  the computer from  do ing  the 
s a m e ,c a lc u la t io n s  f o r  a s e t  o f  da ta  p o in t s  tw ic e  in  a row.
A ls o ,  p re c a u t io n s  a re  taken t o  in s u re  t h a t  the l a s t  group o f  
da ta  p o in ts  a re  in c lu d e d  by use o f  the  la s t  ca rd  in d ic a t o r .
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In the  " o r d e r in g "  phase o f  the program, a l l  o f  the 1/nH va lues 
a re  pu t i n t o  descending o rd e r*  Care is  taken t o  be sure t h a t ,  when 
the  s to ra g e  lo c a t io n  o f  a 1/nH v a lu e  is  changed, the  s to ra g e  lo c a t io n  
o f  n is  a l s o  changed so t h a t  t h e i r  r e l a t i v e  s to ra g e  lo c a t io n  is  known. 
Th is  p a r t  o f  the  program is  the  most t im e  consuming p a r t  f o r  as many 
as 200 numbers must be o rd e re d .  The program then branches t o  "g ro u p " ,  
i f  a pa ram e te r ,  r e fe r r e d  to  as CX, is  d e f in e d .
The param eter CX appears on an In p u t  ca rd  in  the  fo rm a t 
CXb.xxxE-xx. T h is  param eter s e ts  the  e r r o r  wh ich  is  a c c e p ta b le  
in  g ro u p in g  1/nH va lues  t o  fo rm  a p e r io d .  The v a lu e  chosen f o r  t h i s  
param eter is  v e ry  c r i t i c a l  and de te rm ines  the  e f fe c t i v e n e s s  o f  the 
program. I f  CX is  too  s m a l l ,  s e v e ra l  " t r u e "  p e r io d s  may be n e g le c te d .  
I f  CX is  to o  la rg e ,  too  many " f a l s e "  p e r io d s  a re  formed, and these 
hav ing  a la rg e  number o f  subharm on ics .
In the  " g ro u p in g "  phase o f  the program, se ts  o f  th re e  o r  more 
1/nH v a lu e s  a re  sought where the  f i r s t  1/nH v a lu e  is  less  than  CX 
la rg e r  than the second, the  second is  less  than CX la rg e r  than the  
t h i r d ,  e t c .  S e lec ted  in  t h i s  manner, a se t  o f  1/nH va lues  a re  
used t o  form  a p e r io d  from  w h ich  an e f f e c t i v e  mass v a lu e  w i l l  be 
c a lc u la te d .
The s ta te m e n ts  215-329 a re  used t o  c a lc u la te  v a r io u s  q u a n t i t i e s  
from  the  p o in t s  in  a s e le c te d  p e r io d .  I t  m igh t be mentioned th a t  
a F o r t ra n  I I  program was w r i t t e n  to  do t h i s  p o r t i o n  o f  the  program 
f o r  ca rds f i t t i n g  the  c o r r e c t  fo rm a t .  The p a r t  o f  the SPS program 
meant t o  p ic k  o u t  p e r io d s  has been com ple ted a t  t h i s  p o in t  in  the 
program.
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A le a s t  square s t r a i g h t  l i n e  f i t  f o r  the  subharmonic number 
versus  the  1/H f i e l d  v a lu e  f o r  the  p o in t s  in  a s e r ie s  is  c a lc u la te d .  
The s lo p e  o f  t h i s  l i n e ,  the  in te r c e p ts  f o r  bo th  the  subharmonic 
and 1/H a x is ,  and the  s tanda rd  d e v ia t io n  o f  these p o in ts  from  a 
s t r a i g h t  l i n e  is  c a lc u la te d .  From the  s lo p e  o f  the  l i n e ,  the  
e f f e c t i v e  mass o f  the  s e t  o f  p o in ts  is  c a lc u la te d .  An e r r o r  f o r  t h i s  
v a lu e  o f  e f f e c t i v e  mass is  g iv e n  by m u l t i p l y i n g  the  s tandard  
d e v ia t io n  by e/ux:niQ in  o rd e r  t o  pu t i t  in  u n i t s  o f  mass.
Statem ents 323“ ^37  a re  o u tp u t  s ta tem en ts  g i v in g  the fo rm a t  
o f  the in fo rm a t io n  t o  be punched o u t .  The in fo rm a t io n  read o u t  is  
the  a n g le ,  e f f e c t i v e  mass v a lu e ,  s tanda rd  d e v ia t io n ,  number o f  
subharmonics in  a p e r io d ,  in te r c e p ts ,  and the  s lo pe  o f  the l i n e .
In a d d i t io n ,  f o r  each p o in t  in  a p e r io d ,  the  1/H v a lu e ,  subharmonic 
number n, and 1/nH a re  punched o u t .
The remainder o f  the  s ta te m en ts  d e f in e  c o n s ta n ts  o r  v a r ia b le s  
and t h e i r  f i e l d  le n g th .  Inc luded  in  these  a re  the  o u tp u t  fo rm a t  
s ta te m en ts  and the  messages f o r  ty p e o u t  on the  t y p e w r i t e r .
There a re  c e r t a in  sho r tcom ings  o f  t h i s  program f o r  wh ich  no 
s o lu t i o n  cou ld  be found . In the c h o ic e  o f  the p o in t s  in  a 
mass s e r ie s ,  no r e s t r i c t i o n  whatsoever is  p laced  on the  subharmonic 
numbers; i . e . ,  p o in t s  in  a mass s e r ie s  may have the  same sub­
harmonic number o r  c e r t a in  subharmonic numbers may be o m it te d .  
Checking t o  see i f  any subharmonic numbers a re  equ a l would be 
t r i v i a l ,  b u t  a r e l i a b l e  way o f  d e te rm in in g  w h ich  v a lu e  to  d is c a rd  
co u ld  n o t  be found . L ik e w is e ,  no fo rm u la  t o  d is c a rd  mass s e r ie s  
due to  m is s in g  subharmonics c o u ld  be found , s in c e  some subharmonics
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co u ld  no t be re s o lv e d  f o r  " t r u e "  mass s e r ie s .  Ano ther d isadvan tage  
o f  the program is  t h a t  no knowledge o f  the  a m p li tu d e  dependence 
o f  the  peaks is  in c lu d e d ,  w h ich  is  c e r t a i n l y  necessary  f o r  the  
ass ignm ent o f  the  peaks t o  mass s e r ie s .
Once the  programmer has the  o u tp u t  o f  the program, " t r u e "  
mass s e r ie s  must be chosen as d e s c r ib e d  in  the main body o f  the  
t e x t .  Hence the  problem o f  a n a ly z in g  the  data has re s u l te d  in  
d i s c r im in a t in g  between " t r u e "  and " f a l s e "  mass s e r ie s .
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Li s t  i ng
1. BEGIN RACDINPUT
2 . WACDINPUT
3- TFM N ,0 ,9
4. TFM NN,0,9
5- TFM TDS,5, 10
6 . SF F2“  11
7- READ BLC LASTCD
8 . RACDINPUT
9- TF TDSF, TDS
10. TD TDS,INPUT"1
11. SF TDS-1
12- CM TDS,0 ,10
13- BNE *+36
14. BD DATA,1NPUT
15- B PAT
16. CM TDS,6 ,10
17* BE ANGLE
18. CM TDS,4 ,10
19- BE CXCD
20. CM TDS,5 ,1 0
21 . BE DXCD
22 . CM TDS, 7,10
23- BE FREQP
24. PAT RCTY
25. WATYSCREW
26. H
27. B READ
28. LASTCDCM TDS,0 ,10
29. BNE READ+12
30. BNF READ+12,0H+1
31- TF N, NN
32. B ORDER
33- CM TDS,4 ,10
3^* BNE READ+12
35. BNF READ+12,OH- 7
36. BNF READ+12,OH+1
37- TF N, NN
38. B GROUP
39- DXCD TD DX1-7, INPUT+6
40. TD d x i - 6 ,INPUT+8
41. TD D X 1-5 ,1NPUT+10
42. TD DX1-1,INPUT+16
^+3- TD DX1, 1NPUT+18
44. SF DX1-7
4 5 . SF DX 1—1
46. SF DX1
o f  SPS Program
4 7 . TD DX2-7,INPUT+24
48. TD DX2-6, 1NPUT+26
49. TD DX2-5, INPUT+28
5 0 . TD DX2-1, INPUT+34
51. TD DX2, INPUT+36
52. SF DX2-7
53- SF DX2-1
54. SF DX2
55- B READ
56 . DARR RCTY
57- WATYNOFREQ
58. H
59. B READ
60 . DATA TD H-7, INPUT+2
6 1 . TD H-6, 1 NPUT+4
6 2 . TD H -5 ,1NPUT+6
63- TD H - 4 ,1NPUT+8
64. TD H - l ,  INPUT+14
6 5 . TD H, INPUT+16
66 . SF H-7
6 7 . SF H-l
6 8 . SF H
69 . BNF READ, DX1-7
70 . TFM a, 1,9
71- DIVIIDETFL OF, ZERO
72. BD TEN, 0-1
73- TD QF-7,0
74. SF QF-7
75- TFM OF, 1,1 0
76 . B *+60
77- TEN TD OF-7 ,0 -1
78 . TD OF-6 , Q
79- SF OF-7
8 0 . TFM OF, 2, 10
8 1 . TFL HH, H
82 . FDIVHH, OF
83- TFL NUM1,HH
84. FSUBNUM1, DX2^
85 . BNF ADD.NUM1-2
8 6 . TFL NUM1,HH
87 . FSUBNUM1, DX1
88 . BNF * + 36, NUM1-2
89 . TF NN, N
90. B READ
91. MM N, 2 ,9
92. SF 95
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93- TF N l,9 9
94. MM M , 9
95- SF 95
96. TF N2,99
97 . A N l,  TABLE .
98. A N2,TABLE+5
99. TF N3,N1
100. SM N3, 4 7
101. -  - TD N1,Q,6
102. TD N3 , < W ,6
103. SF N 3 ,,6
104. TFL N2,HH,6
105. AM N , l , 9
106. ADD AM 0 ,1 ,9
107. CM 0 ,2 0 ,9
108. BNE DIVIDE
109. TF NN, N
110. B READ
111. FREQP RCTY
112. WATYNUFREQ
113. TD F l-7 ,IN P U T
114. TD F l - 6 ,INPUT+2
115. TD F l-5 , IN P U T +6
116. TD F l-4 ,IN P U T +8
117. TD Fl-3,INPUT+10
118. SF F l - 7
119. TFM F I,  2 ,10
120. TFL FREQ, FI
121. FMULFREQ, TWOPI
122. TFL FCONS,CONS
123. . . .  . FDIVFCONS, FREQ,
124. B READ
125. CXCD TD CX-7 , INPUT+8
126. TD CX-6 ,INPUT+10
I 27. TD CX-5,INPUT+12
128. TD C X -1 ,1NPUT+18
129. TD CX,INPUT+20
130. SF CX-7
131. SF CX-1
132. SF CX
133- BNF READ,OH- 7
134. BNF READ,OH+1
135- TF N, NN
136. B GROUP
137. ANGLE BLC READ+12
138. TF 0UT1+26, F2
139. SF INPUT+1
140. TF F2, INPUT+12
141. C TDSF,TDS
142. BNE *+48
143. RCTY
144. WATYTWOANG
145. H
146. BNF READ, OH-7
147. BNF READ,OH+1
148. TF N, NN
149. ORDER TF NM1, N
150. SM NM1, 1,9
151. MM NM1,2 ,9
152. SF 95
153- TF N l,9 9
154. A N l,  TABLE
155. MM N, 2 ,9
156. SF 95
157. TF N2,99
158. A N2,TABLE
159. TF N4,TABLE
160. TF N3,TABLE+5
161. BARE TF N5,N3
162. AM N 5 ,8 ,7
163. TF N6 , n4
164. AM N6 , 2 ,7
165. GO TFL A 1 ,N 3 ,11
166. FSU8A1,N5,11
167. BNF CYCLE,Al-2
168. TFL B1,N3,11
169. TFL N 3 ,N 5 ,6 l l
17O. TFL N5,B1,6
171- TF A2, N 4 ,11
172. TF N4, n6 , 611
173. TF N6 , A2, 6
174. CYCLE AM N 5 ,8 ,7
175. AM N 6 ,2 ,7
176. C N6 ,N 2
177. BNE GO
178. AM N 3 ,8 ,7
179. AM N 4 ,2 ,7
180. C N4, Nl
181. BNE BARF
182. BNF READ,CX-7
I 83 . GROUP TFM P ,0 ,9
184. TF NMI N l ,  N
I 85 . SM NMIN1,1,9
186. TF NM1 N2, N
I 87 . SM NMIN2, 2 ,9
188. NEWPR TFM NG, 1,10
189. COMPARMM P ,8 ,9
190. SF 95
191. TF N l ,9 9
192. A Nl,TABLE+5
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
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TF N2,N1 243- FADDSUMY,A1
AM N 2 ,8 ,7 244. FMULA1, A2F
TFL A 1 ,N 1 ,11 245. FADDSUMXY, A1
FSUBA1,N2, 11 246. FMULA2F, A2F
FSUBA1,CX 247. FADDSUMX2, A2F
BNF CHECK, A l - 2 248. AM d, 1 ,9
AM P , l , 9 249- C d,NG
AM NG,1,10 250. BNE FIGURE
C P,NMINl 251. WACDBLANK
BNE COMPAR 2 52 . TFL FNG, ZERO
CHECK CM NG, 1, 10 253- BD FAP, NG- 1
BE *+ 36 254. TD FNG-7, NG
CM NG,2, 10 255- SF FNG-7
BNE COMPUT 256 . TFM FNG,1 ,1 0
C P, NM1 N2 25T- B *+36
BE *+60 258 . FAP TF FNG-6 ,NG
C P,NM1Nl 259. TFM FNG,2 ,1 0
BE *+ 36 260 . TFL SLOPE, FNG
AM P , l , 9 261 . FMULSLOPE, SUMXY
B NEWPR 262 . TFL Al,SUMX
TFM N ,0 ,9 263 . FMULA1, SUMY
B READ 264. FSUBSL0PE,A1
COMPUTTFL SUMX,ZERO 265 . TFL Al,FNG
BNF DARR, FCONS- 7 266 . FMULA1, SUMX2
TFL SUMY,ZERO 267 . TFL Bl,SUMX
TFL SUMXY,ZERO 268 . FMULB1,SUMX
TFL SUMX2,ZERO 269 . FSUBA1,Bl
TFM 0 , 0 , 9 27O. FDIVSLOPE,Al
FIGURETF PMd,P 271. TFL AlNT,SUMY
S PMd, 0 272 . TFL Al,SLOPE
MM PMd, 2 ,9 273- FMULAI, SUMX
SF 95 274. FSUBAINT, A l
TF N l ,9 9 275- FDIVAINT, FNG
A N l,  TABLE 276 . SF SLOPE-2
TFL A2 F, ZERO 277- TFL XI NT, A 1 NT
TF A 2 ,N 1 ,11 278 . FDIVXINT, SLOPE
BO RASP,A2-1 279. CF SLOPE-2
TD A2F-7 , A2 2 8 0 . TFL EFM, FCONS
SF A2F-7 2 8 1 . FDIVEFM, SLOPE
TFM A2F, 1,10 2 8 2 . TFM 0 ,0 ,9
B *+ 36 2 8 3 . TFL S1 G2,ZERO
RASP TF A 2F-6 ,A 2 284. RATS TF PMd, P
TFM A2F, 2 ,10 285 . S PMd, d
MM PMd, 8 ,9 286 . MM PMd, 2 , 9
SF 95 287 . SF 95
TF N 2,99 288 . TF N l ,9 9
A N2 , TABLE+5 289. A N l,  TABLE
TFL A 1 ,N 2 ,11 290. TF A2,N1, 11
FMULA1,A2F 291. TFL A2F,ZERO
FADOSUMX,A2F 2 9 2 . BD BFTSPL, A 2 - 1
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293- TD A2F-7 ,A2 343. TDM 0UT3+31,7
294. SF A2F-7 344. BD * + 3 6 , n g - i
295- TFM A2F, 1 ,10 345. TDM OUT3+3 2 ,0
296. B *+ 36 346. TDM OUT3+3 1 .0
29 Y* BFTSPLTF A2F-6 ,A 2 347 . WACD0UT1
298. TFM A2F ,2 , 10 348. TD 0UT5+4,AINT- 7
299* MM PMQ,8,9 349. TD 0UT5+6,AINT-6
3 00 . 5F 95 350. TD 0UT5+8 ,A IN T -5
3 01 . TF N2,99 351. TD 0UT5+10,AINT-4
302 . A N2,TABLE+5 352. TD 0 U T 5 + l6 ,A IN T - l
303. TFL A1,A2F 353* TD 0UT5+18,AINT
304. FMULA1 , SLOPE 354. TDM OUT5 + 13.0
305. FADDA1, AINT 355* BNF * + 2 4 , AINT
306 . TFL C1,N2, 11 356. TDM 0UT5+13,2
3 0 7 . FMULC1,A2F 357- TDM 0UT5~1,0
3 08 . TFL NUM2,0NE 358. BNF * + 2 4 , A IN T -2
309. FDIVNUM2, Cl 359. TDM 0U T5-1 ,2
310. TFL B l ;  ONE 360. TD 0UT6+4,SL0PE-7
311- FDIVB1,Al 361 . TD 0UT6+6,SLOPE- 6
3 1 2 . FSUBB1,NUM2 362. TD 0UT6+8,SLOPE-5
313. FMULB1, B l 363 . TD 0UT6+1 0 ,SLOPE-4
314. FADDSIG2,Bl 364. TD 0UT6+1 6 ,SLOPE-1
315. AM Q , l , 9 365- TD 0UT6+1 8 ,SLOPE
3 16 . C 0, NG 366 . TDM OUT6+ I 3 , 0
3 1 7 . BNE RATS 367. BNF * + 2 4 , SLOPE
3 1 8 . TFL C l,  FNG 368 . TDM OUT6+ I 3 , 2
319. FSUBC1,ONE 369 . TDM 0U T6-1 ,0
320. FDIVS 1G 2,C l 370 . BNF * + 2 4 , SLOPE-2
321. FSQRSD,SIG2 371. TDM 0U T6-1,2
3 2 2 . FMULSD,FCONS 372. TD 0U T 4 + l8 ,X IN T -7
323. TD 0UT2+-4, EFM- 7 373- TD 0UT4+20,X1 NT- 6
324. TD 0UT2*6,EFM-6 374. TD 0UT4+22, *; 1 NT-5
325. TD 0UT2+8,EFM-5 375- TD 0UT4+r' , X 1 NT-4
326. TD 0UT2+10, EFM-4 376. TD 0UTL^30,XINT-1
327. TD 0UT2+16,EFM-1 377. TD OUT-f+32, X 1 NT
328. TD 0UT2+18,EFM 378. TDM 0UT4+27,0
329. TDM 0UT2+13,0 379. BNF * + 2 4 , X 1 NT
330. BNF * + 2 4 , EFM 380. TDM 0UT4+27, 2
331. TDM 0UT2+13? 2 381. TDM 0UT4+13,0
332. TD 0UT3+4,SD-7 382. BNF * + 2 4 , XI NT-2
333* TD 0UT3+6,SD- 6 383. TDM 0UT4+13,2
334 . TD 0UT3+8,SD-5 384. WACD0UT4
335. TD 0UT3+10,SD-4 385. TFM 0, 0 ,9
336. TD 0U T 3+ l6 ,S D - l 386. BRAP TF PMQ., P
337- TD 0UT3+18,SD 387- S PM0,0
338. TDM 0UT3+13.0 388 . MM PMQ, 8 , 9
339- BNF * + 2 4 , SD 389. SF 95
340. TDM 0UT3+13,2 390. TF N l ,9 9
341. TD 0UT3+34,NG 391. A N l ,  TABLE+5
342. TD 0UT3+32,NG-1 392. MM PMQ, 2 ,9
B - l l
393- SF 95 443. NG DS 2
394. TF N2,99 444. TDSF DS 2
395- A N2,TABLE 445. A2 DS 2
396. TFL A l ,  N l , 11 446. TDS DS 2
397- TF A2, N2, 11 447. PMd DS 3
398. TFL A2F, ZERO 448. NN DS 3
399. BD BONK, A2- 1 449. DD DS 3
400. TD A2F-7,A2 450. NMl DS 3
401. SF A2F-7 451. R DS 3
402. TFM A2F, 1,10 452. 0 DS 3
403. B *+36 453- P DS 3
404. BONK TF A2F-6, A2 454. N DS 3
405. TFM A2F, 2, 10 455- NMIN2 DS 3
406. FMULA2F, A l 456. NMl Nl DS 3
407. TD OUT7+6, A2F-7 457. N4 DS 5
408. TD OUT7+8 ,A 2 F-6 458. N3 DS 5
409. TD 0UT7+10, A2F-5 459. N2 DS 5
410. TD 0UT7+12, A2F-4 460. Nl DS 5
411. TD 0UT7+18,A2F-1 461. N5 DS 5
412. TD 0UT7+20,A2F 462. n6 DS 5
413. TD 0UT7+30,A2-1 463. FREQ DS 8
414. TD 0UT7+32, A2 464. EFM DS 8
415* TDM 0UT7+29,7 465. FNG DS 8
4 l6 . BD * + 3 6 ,A 2 - l 466. SD DS 8
417. TDM 0UT7+29,0 467. SIG2 DS 8
418. TDM OUT7+3O,0 468. FCONS DS 8
419. TD 0UT7+42, A l - 7 469. FI DS 8
420. TD 0UT7+44,Al-6 470. XI NT DS 8
421. TD 0UT7+46, A l -5 471. A2F DS 8
422. TD 0UT7+48,Al-4 472. AINT DS 8
423- TD OUT7+54, A l -1 473 . SLOPE DS 8
424. TD 0UT7+56,A1 474. SUMX 2 DS 8
425- WACD0UT7 475. SUMXY DS 8
426. AM 0 ,1 ,9 476. SUMY DS 8
427- C Q,NG 477. SUMX DS 8
428. BNE BRAP 478. Cl DS 8
429. AM P , l , 9 479. Bl DS 8
430. C P,N 480. A l DS 8
431. BE *+60 481. HH DS 8
432. TF DD,N 482. OF DS 8
433- SM DD, 1,9 483. NUM2 DS 8
434. C P, DD 484. NUM1 DS 8
435- BNE NEWPR 485. DX2 DS 8
436. TFM N ,0 ,9 486. DX1 DS 8
437- B READ 487. H DS 8
438. M DSB 2,1000 488. CX DS 8
439. OH DSB 8,1000 489. F2 DS 12
440. TABLE DSA M, OH _  490. DC 6,000000
441. INPUT DAS 80 491. ZERO DC 2 ,-9 9
442. BLANK DAS 80 492. DC 6,628319
493- TWOPt DC 2 ,0 2
494. DC 6,175880
495- CONS DC 2) 00
496. DC 6,100000
497- ONE DC 2,01
498. NUFREQDAC 3 7 ,A NEW VALUE OF FREQUENCY WAS READ
499. NOFREQDAC 3 5 ,THERE IS NO VALUE FOR FREQ DEFINED1
5 00 . TWOANGDAC 4 0 ,TWO ANGLE CARDS WERE READ CONSECUT
501. SCREW DAC 2 1 , INPUT DATA INCORRECT'
502. 0UT1 DAC 2 1 ,ANGLE = 000 .0  M* = ,
503. 0UT2 DAC 19, . OOOOE 00 +0R- -  ,
504. 0UT3 DAC 18, .OOOOE 00 N = 00,
5 0 5 . DAS 22
506 . 0UT4 DAC 2 8 ,X 1 NT = .OOOOE 00 YINT = ,
507. 0UT5 DAC 27, .OOOOE 0 0 ( l / G )  SLOPE = ,
508 . 0UT6 DAC 15, .OOOOE 0 0 (1 /G ) ,
509- DAS 10-
510 . 0UT7 DAC 29, .OOOOE-OO 00 . OOOOE-OO,
511- DAS 51
512. DENDBEGIN
B -13
Y,V,
x . v ,
F ig .  12
No
No
No
YotNo
NoYea
Yet
CX
DX
Group
Order
Data
D ata
C a r d ?
DX 
Defined ?
Angle
L o t t
Card
D a t a  
S t o r e d  ?
Ca lcu la t e
C o n i t a n t
D a t a  
S t o r e d  ?
Divide
Store
Fre quency
cx
De f i ned  ?
Ca lcu la te
Output
Read
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